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Preface 


In hindsight, the year I was born — 1972 — can be considered to have been a pivotal year 
for spaceflight. It was the year of the last manned lunar landing, Apollo 17, ending the 
hectic and exciting era of the Space Race. It was also the year that Wernher von Braun, the 
main architect of U.S. human spaceflight development, retired from NASA, frustrated that 
the space agency was no longer progressing in accordance with the vision he had laid out 
way back in the 1950s. This was exemplified by the discontinuation that same year of the 
development of NERVA, the nuclear rocket engine meant to enable human spaceflight 
forays further into the solar system. In January 1972, President Nixon instead announced 
the Space Shuttle as the next major goal of the agency, effectively limiting NASA’s astro- 
nauts to low Earth orbit to this day. And 1972 also saw the fourth and final attempt — and 
failure — of the Soviet Union to launch its N1 moon rocket, thus ending their Space Race 
manned lunar landing ambitions. 

Influential in another respect was the publication in 1972 of the Limits to Growth report, 
the first widely publicized warning of the consequences of unbridled economic growth. 
Disregard for the environment, climate change and abuse of our planet's limited resources 
were getting out of hand, the report stressed, and without drastic measures our life on 
Earth would quickly become unsustainable. General concerns about pollution, overpopu- 
lation, urbanization, nuclear energy, the arms race and other problems on our home planet 
increased, ironically symbolized by the pictures sent back by the Apollo lunar astronauts 
that showed our planet as a little, vulnerable island in the hostile blackness of space. 

Whereas confidence in the improvement of life through technical and scientific prog- 
ress, including spaceflight, had been high in the 1950s and 1960s, people now started to be 
uncertain about their future and ever more skeptical towards technology. In the U.S., the 
*Watergate' scandal further eroded confidence in the government. To make matters worse, 
economic growth started to slow down worldwide, especially when the 1973 oil crisis trig- 
gered a recession. 

However, 1972 also saw the launch of Pioneer 10, the first spacecraft to leave the solar 
system, and the first successful landing on the surface of Venus of a robotic space probe, 
by the Soviet Union's Venera 8. The launch of the Copernicus Orbiting Astronomical 
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Observatory, a collaborative effort between NASA and the UK’s Science Research 
Council, paved the way for later astronomical observatories in space, such as the Hubble 
Space Telescope. Not all was doom and gloom. 

As I grew up in the 1980s, the era of the Space Shuttle, I admired the variety of mis- 
sions the Shuttle accomplished, but also became increasingly frustrated about the seeming 
lack of progress, especially in comparison to what I found depicted in books written before 
and during the Space Race. Mars missions now always seemed to be 20 years in the future; 
true spaceplanes remained forever on the drawing board. And while the 1970s sales pitches 
for the Shuttle had promised routine access to space for an increasing number of people 
with a variety of backgrounds, the optimism that I might grow up to visit a space station 
myself gradually decreased, especially after the Challenger disaster of 1986. 

In my mind, something had clearly gone wrong around the time I was born. Up till 
1972, humanity had been gloriously expanding its presence in the solar system; first reach- 
ing Earth orbit and then landing on the Moon. But after that point, we had become stuck 
in low Earth orbit. I started to read books about space colonization, and soon understood 
that was another dream that was going nowhere fast. 

Around the time that I went to study aerospace engineering, I started to realize that 
while progress in human spaceflight might have stagnated, in robotic exploration things 
were not all that bad. Voyager 2 flew past Uranus and Neptune; ESA’s Giotto flew past 
Halley’s Comet; Galileo went into orbit around Jupiter; the first rover landed on Mars; and 
the Hubble Space Telescope returned spectacular views of the universe. In the meantime, 
while not flying very far, astronauts still fixed satellites and cosmonauts lived in space sta- 
tions for extended durations. The Soviets launched a new super heavy-lift launcher and 
their own version of the Space Shuttle. 

I nevertheless retained my interest in many of the original, far more ambitious, “dream 
missions,” such as human landings on Mars, routine spaceplane flights, nuclear space- 
ships, lunar bases and vast orbital habitats. Why was it that at one time these projects 
seemed inevitable, while a few decades later they appeared hopelessly naive and optimis- 
tic? What had changed? What could we learn from this? Could any of them still become 
reality, one way or another? I was not alone in such musings; towards the end of the 20th 
century, at the approach of the new millennium, there was much reflection on the overall 
accomplishments of spaceflight in comparison with the expectations of the 1950s and 
1960s. The supposedly realistic depictions of the 1968 movie, 200/, A Space Odyssey, 
contrasted sharply with the real year 2001, which saw only a tiny stub of a space station, 
and lacked both lunar bases and giant nuclear spaceships carrying their crews to Jupiter. 

After touching on the topic of unrealized projects in my previous book on rocketplanes 
and spaceplanes, I wanted to expand my view to the wider scope of spaceflight in general. 
Initially, my idea was a book about “the greatest missions that never happened’, but the 
publisher rightly felt this too negative an angle that would likely result in a melancholic 
book about might-have-beens. Writing such a book could have easily turned into a depress- 
ing experience; maybe not to a historian, but certainly to a space enthusiast engineer like 
me. We thus decided on a more positive approach, focusing not on what didn’t happen, but 
rather on why things did not follow ‘the plan’, and what may eventually still make new and 
old “dream missions” a reality. 
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Nevertheless, writing this book proved to be a somewhat thought-provoking experience, 
with me having to face the fact that several favorite grand projects are unlikely ever to 
come to fruition because of serious technical and financial issues, or merely because the 
whole idea is now hopelessly outdated. 

Somewhat naively delving into the subject, I quickly found out how much material 
there really was. The number of abandoned spaceflight ideas, concepts and projects far 
outweighs the number that have actually flown. Researching one concept inevitably led to 
another idea; the rabbit warren seemed to go on forever. Where to stop? When does sci- 
ence forecasting become science fiction? When does technological possibility become 
technology fantasy and thus beyond the scope of this book? How many abandoned manned 
Mars mission concepts would I need to describe to make a point? I decided not to strive to 
be all-inclusive, focusing on a more general narrative with examples of concepts that have 
been seriously considered and that appeared reasonably credible at one time, if not today. 

Unlike many books on the subjects I touch on, I do not offer any clear solutions or 
strategies that will lead to a glorious continuation of humanity's expansion into the cos- 
mos. I wish I had any, really. The observations, predictions and opinions I describe in this 
book are my own, and you are welcome to disagree. In fact, I would be very grateful if 
anybody could manage to convincingly revive the idea of the giant space colony, a child- 
hood favorite. I would love to visit one, just like it was depicted in those stunning NASA 
artists’ impressions of the 1970s. 


1 


Introduction 


When I was a kid in the late 1970s, Lego Space was my favorite toy. The theme included 
various types of space bases, mobile laboratories and spacecraft operating in a Moon-like 
setting. It depicted a future in which mankind had expanded throughout the solar system, 
and maybe even beyond. One particular brick, part of a space command post, featured a 
large television screen which said ‘L.L. 2079”, apparently for ‘Lego Land 2079”, which 
was about a century in the future at that time. 

Back then, that didn’t look too unrealistic. Developments in space exploration in gen- 
eral had been spectacular since the start of the ‘Space Age’, with only eleven years between 
the launch of Sputnik and the first manned flight around the Moon. Apollo 11 landed on 
the lunar surface just over six months later. Then, after Apollo 17, there was a kind of quiet 
period, at least for manned spaceflight. The 1970s, however, was the decade in which the 
Voyager probes were launched, the Viking probes landed on Mars, and commercial tele- 
com Satellites became operational. At the end of that decade, the Space Shuttle was about 
to make its first flight, and was soon expected to make low Earth orbit (LEO) a relatively 
easy to access hub of activity for just about anybody. As a child, I tried to imagine what 
another hundred years would bring. Surely it was going to be awesome, and probably 
similar to what my Lego Space play sets were depicting: boundless exploration; endless 
possibilities; and easy-to-reuse space transportation. And everything modular, Lego-style. 
Above all, it was going to be spectacular, extensive and focused on astronauts rather than 
automated spacecraft. 

As such, Lego Space was following the vision of spaceflight evolution as set out by 
famous and highly influential space pioneer Wernher von Braun and others in Collier's 
magazine during the early 1950s: steady progress from unmanned satellites to large space 
bases routinely serviced by reusable launchers and shuttles, Moon landings and the 
manned exploration of Mars. Using spectacular artistic impressions and convincing 
descriptions, these articles basically defined how the general public in the U.S. expected 
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spaceflight to develop. And such ideas were not limited to the United States; a similar 
vision was laid out in 1951 by the famous British writer Arthur C. Clarke, in his farsighted 
book The Exploration of Space. Some six years before the launch of Sputnik, this book 
basically predicted all the spaceflight possibilities and uses that did actually materialize by 
1969, including practical satellite applications and manned lunar landings. 

One space spectacular followed another during the 1960s, mostly driven by the U.S.- 
Soviet Space Race. Many of the expectations popularized by von Braun, Clarke and other 
space advocates for developments up to the first human landings on the Moon did materi- 
alize, quite often sooner than they had foreseen in the early 1950s. This led NASA, other 
space experts, the general public and the makers of the famous 1968 movie, 200/, A Space 
Odyssey, to extrapolate wildly into the future. They envisaged large space stations, lunar 
mining, semi-permanent bases on Mars and maybe even manned exploration of the outer 
solar system before the end of the 20th century. 

Take for instance the grandiose vision of Krafft Ehricke, a German rocket propulsion 
engineer who worked on the infamous V2 missile under Wernher von Braun during 
World War II and afterwards, like von Braun, became a fervent spaceflight advocate in 
the U.S. Ehricke believed in what he called the ‘Extraterrestrial Imperative’, a philo- 
sophy which postulated that it was mankind’s responsibility to explore space and 
exploit the resources of the solar system, to ensure the survival and development of the 
species. 

During the 1966 American Astronautical Society symposium, ‘Space Age in Fiscal 
Year 2001’, he expressed the following expectations for manned solar system transporta- 
tion at the turn of the millennium: “Today, in the fall of 2000, the interplanetary flight 
corridors from Mercury to Saturn are alive with manned vehicles of relatively luxurious 
and sophisticated design, driven by quite advanced propulsion systems ... Our helionauts, 
as these men who fly our large interplanetary vehicles call themselves in this era of con- 
tinuing specialization, have covered the solar system from the sun-scorched shores of 
Mercury to the icy cliffs of the Saturn moon Titan. They have crossed, and some have died 
doing so, the vast asteroid belt between Mars and Jupiter and have passed through the 
heads of comets. Owing to the pioneer spirit, the courage and the knowledge of our helion- 
auts and of those engineers, scientists and technicians behind them, astrophysicists today 
work in a solar physics station on Mercury; biologists experiment on Mars, backed by a 
well-supplied research and supply station on the Mars moon Phobos; planetologists have 
landed on Venus; and teams of scientists right now study what has turned out to be the two 
most fascinating planets of our solar system, Jupiter and Saturn, from research stations on 
Callisto and Titan.” Today, this reads as wild science fiction, but in 1966 such visions were 
frequently outlined by various recognized spaceflight experts, and were commonly 
accepted as credible. 

Looking back at the short history of the space age up to that point, you can understand 
the optimistic extrapolation through which Ehricke and others arrived at a glorious inter- 
planetary infrastructure 34 years into their future. In 1932, German pioneers were launch- 
ing liquid-propellant rockets of a few tens of kilograms that reached altitudes no higher 
than a kilometer, unless they blew up, as they frequently did. Just 34 years later, in 1966, 
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Illustration of a Mars base in Krafft Ehricke’s description of spaceflight in the year 2000. The 
original caption reads “Astrobiological Research Base on Mars, 1992.” The three base mod- 
ules shown are supplied with electrical power from a nuclear power generation module seen 
partly buried in the background. [General Dynamics/Convair] 
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A thermo-nuclear reactor spaceship as envisioned by Krafft Ehricke. He expected several 
would be cruising the solar system by the year 2000. 
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those same engineers were preparing the 111-meter tall, 2,970,000 kg Saturn V Moon 
rocket (which flew for the first time in September 1967). No wonder they thought the sky 
was the limit, and that in another three decades or so, giant nuclear-powered spaceships 
would be crossing the solar system on a regular basis. 

Even in 1980, noted U.S. rocket pioneer Robert Truax was still of the opinion that: “By 
the year 2000, fifty thousand people will be living and working in space." In reality (up to 
the time of writing in 2017), the population in orbit has never exceeded 13. The furthest 
anybody has gone away from Earth in the last 45 years, since the last manned lunar land- 
ing in 1972, is a mere 620 kilometers. No astronaut has ever escaped Earth's gravity field. 

The belief that exponential spaceflight progress was the inevitable result of the road 
NASA had taken has come to be known as the ‘von Braun paradigm’. It was based on the 
optimistic idea that anything that could technically be done would be done, and that there 
would be a logical progress to humanity's expansion into the solar system. In von Braun's 
vision, routine access to space would be enabled by using a reusable launcher with a 
winged shuttle vehicle, which would transfer cargo and crews to and from large Earth- 
orbiting space stations. This infrastructure would then be used to organize expeditions to 
the Moon and subsequently Mars, with the necessary vehicles assembled at a space station 
from elements brought up by the shuttle. Instead, Apollo went straight for the Moon, with- 
out a reusable launcher or space station. Nevertheless, von Braun expected these to be 
developed later, when routine access to Earth orbit and the Moon would require them once 
the post-Apollo *Space Race' period was over. 

But by 1972, the seemingly unrelenting progress already appeared to be running out of 
steam. During the live CBS broadcast of the launch of the last manned lunar mission, 
Apollo 17, in December 1972, famous presenter and space enthusiast Walter Cronkite 
noted that people were gloomy about the future of space exploration, before cutting to a 
short interview with Wernher von Braun, who had headed the development of the mighty 
Saturn V Moon rocket. Unhappy with the severe budget cuts and the premature termina- 
tion of the Apollo program, von Braun had already retired from NASA in May that year. 
Von Braun appeared weary, but nevertheless enthusiastically declared: “We will go to the 
Moon again. There may be a ten-year gap or so..." Then he explained how the future 
Space Shuttle would launch reusable two-stage space tugs that would enable lunar land- 
ings at a tenth of the cost of Apollo. He thus effectively foresaw a return to his original 
vision, the proper evolution of spaceflight development he had advocated in Collier's. 
Cronkite then questioned von Braun on whether he really meant ten years, not *a much 
longer period," but von Braun maintained that manned Moon missions would become 
routine by the early 1980s. Cronkite appeared unconvinced, noting how quickly the public 
had grown blasé with the space program only two years after Apollo 11. Clearly Cronkite, 
whose job as a newsman demanded that he kept up with the latest politics and public opin- 
ion, has been proven the more prescient in this respect. 

At this point, for the first time since its founding, NASA was facing significant restric- 
tions to its human spaceflight ambitions, and the agency was struggling to come to grips 
with the new political, economic and social realities. The blossoming optimism of the 
1950s and 1960s was over; the austerity of the 1970s had arrived. 
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NASA's plans for the period 1970 — 1980, as seen by the agency at the end of the 1960s. Only 
the (robotic) Planetary timeline progressed accordingly. The large post-Skylab space station 
didn’t happen until the ISS was put into orbit in the late 1990s, while the geosynchronous 
station never materialized. The Space Shuttle eventually took flight in 1981, but the lunar 
orbit station, lunar surface base, space tug and nuclear shuttle were all cancelled in the early 
1970s and will not materialize at least till the 2030s. [NASA] 


In March 1970, President Richard M. Nixon declared that “space expenditures must 
take their proper place within a rigorous system of national priorities.” In other words, 
there would be no more seemingly unlimited budgets and therefore no lunar colonies and 
Mars expeditions in the 1980s. The new idea was that spaceflight had to be developed 
economically to sustain further developments, and would no longer be the exclusive 
domain of professional astronauts with a military pilot background. In his 1972 announce- 
ment of the new NASA program, Nixon declared that the Space Shuttle would “make the 
ride safer, and less demanding for the passengers, so that men and women with work to do 
in space can ‘commute’ aloft, without having to spend years in training for the skills and 
rigors of old-style spaceflight.” Using the Space Shuttle, orbital laboratories and zero- 
gravity factories would be built that would turn manned spaceflight into a profitable busi- 
ness, paving the way for further exploitation of the Moon, Mars and the asteroids. 
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Nixon tasked NASA with the development of the Space Transportation System (STS), 
a.k.a. Space Shuttle, for civil as well as military (spy satellite launch) applications, but his 
authorization did not include the development of a space station, which von Braun and 
NASA had always envisioned would go together with a shuttle system. 

In spite of this, and to some degree as a reaction to the lack of progress and vision of 
this new direction, Gerard K. O’Neill’s humongous space colony concepts were added to 
the dream list in the 1970s, as an attempt to still implement Krafft Ehricke’s ‘Extraterrestrial 
Imperative’. O’Neill’s concepts involved designs for enormous habitats in space, where 
ordinary people would make a living by building equally gigantic solar power satellites 
that would beam energy to a resources-starved Earth. This would all be made possible by 
the Space Shuttle and its successors, as they would enable launches costing only a fraction 
of those of conventional expendable rockets. Rather than the bleak future presented by 
many scientists in the 1970s, fearing a rapid decrease in resources in combination with 
overpopulation, O'Neill offered a bright, almost utopian prospect. 

Consistent with this, and only a few months before the Space Shuttle would make its 
first flight, a Dutch television program in 1980 (*TROS Aktua special: de Space Shuttle’) 
enthusiastically conveyed NASA's promises for this revolutionary vehicle, which would 
be flying almost on a weekly basis. According to the presenter, the Shuttle would soon 
make traditional expendable rockets “join the ranks of old steam locomotives and horse 
trams," regularly return *Made in Space' products from orbital microgravity factories to 
Barth, and help construct giant space solar power satellites that would take on a consider- 
able share of our global electrical power needs by the year 2000. By then, the Shuttle 
would be replaced by an even more sophisticated, fully reusable, single-stage-to-orbit 
spaceplane that would provide flights into orbit on a daily basis. 

None of this happened, of course. Through the 1980s, the Shuttle proved to be far more 
expensive, far more complex to re-launch and far less reliable than originally promoted by 
NASA. The U.S. space agency's policy goal to “optimize the management and operation 
of the Space Transportation System (STS) program to achieve routine, cost-effective 
access to space," as worded in the President's Directive on Commercialization of 
Expendable Launch Vehicles in 1983, was not achieved. This brought all the fancy ideas 
for space colonization to quite a sudden stop, and also put into question the viability of 
even more complex spaceplanes. The part-rocket, part-airplane launchers that were seri- 
ously studied during the late 1980s and through the 1990s all succumbed to the fatal com- 
bination of high risks and uncertain economic returns in the early stages of development. 
With the Space Shuttle retired, we are now back to the days of launching astronauts on top 
of conventional rockets in rather traditional capsules. 

Elsewhere, however, and somewhat under the radar, a different road of spaceflight prog- 
ress did open up during the late 1960s, and especially in the 1970s: unmanned satellites and 
robotic space exploration. Thanks to significant developments in electronics, the ability to 
relay telecommunication signals and conduct Earth observation no longer required the 
giant space stations with large crews that von Braun had envisioned. This could now be 
done much more efficiently, and at much less expense, using automated satellites. 

The same was true for large space telescopes, which up till the 1970s were expected to 
require regular servicing by astronauts, or would even need to be put on the Moon to be 
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operated by the crew of a nearby lunar base. Nowadays, very large and complicated space 
telescopes are designed to operate for many years without any servicing by astronauts, and 
often keep going for more than a decade. The Hubble Space Telescope was serviced and 
upgraded across several Space Shuttle missions, but taking the huge costs of this into 
account, it may well have been more economical to launch brand new, upgraded space 
telescopes instead. In fact, no space telescopes currently in operation, or being planned, 
incorporate astronaut visits in their mission plan. Hubble’s successor, the James Webb 
Space Telescope, will not receive any visitors. 

The story for interplanetary exploration follows a similar narrative. Rather than flying 
large habitation modules and gigantic (nuclear) spaceships to Mars in order to accommo- 
date a crew of astronauts, relatively small probes like the Vikings, and later the NASA 
rovers, were sent instead. While astronauts are yet to venture further than the Moon, a 
mere 384,000 kilometers away, Voyager | is currently an incredible 20,520,000,000 kilo- 
meters from Earth. That is so far out that it takes Voyager’s radio messages 19 hours to 
reach us, even travelling at the speed of light. 

Manufacturing in space never became a success, but weather forecasting, television 
broadcasting, navigation, astronomy and mapping from space certainly have. Initially 
seen as merely an additional benefit in the shadow of manned spaceflight, or as paving the 
way for ‘proper’ manned exploration, the robotic “side show’ has now become the true 
driver of spaceflight development and operations, in terms of worldwide effort, budgets 
and number of launches. It has even led some to consider human spaceflight obsolete and 
unnecessarily expensive. 

Famous astrophysicist James van Allen, for instance, one of the people behind the first 
U.S. satellite, Explorer 1, has always been skeptical of the usefulness of humans in space. 
In 2004, he wrote an appraisal in the policy journal Issues in Science and Technology, 
entitled ‘Is Human Spaceflight Obsolete?’ In it he asked: “Does human spaceflight con- 
tinue to serve a compelling cultural purpose and/or our national interest? Or does human 
spaceflight simply have a life of its own, without a realistic objective that is remotely com- 
mensurate with its costs? Or, indeed, is human spaceflight now obsolete?” 

According to van Allen, human spaceflight supporters “defy reality and struggle to 
recapture the level of public support that was induced temporarily by the Cold War.” He 
argued that the highly expensive Space Shuttle mission program contributed little to sci- 
ence and space technology development, while “almost all of the space program’s impor- 
tant advances in scientific knowledge have been accomplished by hundreds of robotic 
spacecraft in orbit about Earth and on missions to the distant planets Mercury, Venus, 
Mars, Jupiter, Saturn, Uranus, and Neptune.” 

Skeptical of the use of “false analogies to Christopher Columbus, Ferdinand Magellan, 
and Lewis and Clark, or with visions of establishing a pleasant tourist resort on the planet 
Mars,” in van Allen’s opinion, “the only surviving motivation for continuing human 
spaceflight is the ideology of adventure.” Inevitably, he asked the question of whether that 
was sufficient reason to spend hundreds of billions of dollars on it. It will come as no sur- 
prise that he thought not. 

A little less scathing is Louis Friedman, space engineer, space advocate and co-founder 
of The Planetary Society, in his recent book Human Spaceflight: from Mars to the Stars. 
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Observing how robotic space technology has evolved tremendously over the last 50 years 
while human spaceflight is hardly advancing, he points out: “If we characterize the space 
race as a race between humans and robots, the robots are clearly winning." He does envis- 
age humans eventually reaching Mars, for the primary reason of establishing another 
home to avoid total annihilation in case of a catastrophe on Earth, but going no further. By 
the time we get to Mars, Friedman believes that our technology will be so advanced that 
robotic space probes will enable us to be virtual explorers in virtual recreations of the 
worlds our robots visit, as with the Holodeck of the fictional starships in Star Trek: 
“Holograms will allow us to virtually cut a hole in the ice of Europa, moving underneath 
and sampling its constituents, just as if we were physically there.” 

Technological developments are indeed moving quickly in this respect. A team from 
NASA JPL, for instance, has recently developed a virtual reality planning tool that allows 
Mars rover mission operators to step into a virtual Martian landscape, based on images 
sent by the rover, and identify features for the rover to investigate. Merely pointing 
towards it could command the robot to go to the intended location. Such tools can 
probably be converted fairly easily into systems that allow anyone to join a rover on its 
journey remotely. 

In this respect, it is interesting to note that while Krafft Ehricke’s 1966 forecast for 
spaceflight in the year 2000 was far too optimistic in terms of human spaceflight develop- 
ments, it has proven to be not that far from the truth with regard to robotic space explora- 
tion. His predictions read: “Unmanned probes have approached the Sun as close as 0.15 
AU. Large and very advanced unmanned probes have reached out as far as the planet 
Pluto, and at this moment rove the vast, dark regions of trans-Pluto and interstellar space.” 
In fact, it was only ten years after these predictions, in 1976, that the Helios 2 satellite flew 
by the Sun at a record close distance of 0.29 AU (Astronomical Unit: 1 AU is the average 
distance between Earth and the Sun). By the year 2000, four space probes had already 
made it well beyond the orbit of Pluto (Pioneer 10, Pioneer 11, Voyager 1 and Voyager 2), 
although the dwarf planet itself was not visited until NASA's New Horizons probe arrived 
in 2015. 

Ehricke was even more on target with his 1966 vision of the future use of Earth-orbiting 
satellites, describing the developments from that year up to 2000 as follows: "Satellites of 
many nations began to form a virtual super-structure above the surface of our planet; for- 
estry, plant disease detection, weather observation, communication, air and sea traffic con- 
trol have become matters of global concern..." 

Despite the fact that those grand visions of human spaceflight from the 1960s to the 
1980s have yet to become reality and are unlikely to do so for the foreseeable future, and 
even in the face of the much more rapid progress of unmanned satellites and space probes, 
NASA, ESA and other space agencies typically tend to try and stick to some form of the 
*von Braun paradigm'. Robotic space exploration is fine and worthwhile in its own right, 
they argue, but it should eventually (sooner rather than later) be followed by humans. 
People are deemed to be more versatile, adaptable and better able to convey discoveries 
back to Earth, and supposedly will remain so in the future. Their targets remain the Moon 
or Mars, not surprisingly, because these are the only large bodies on which we can imagine 
landing humans in the near future. 
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However, geopolitical positioning generally seems to be more important for human 
spaceflight than science. It was a major propaganda tool during the Cold War, and contin- 
ues to have a strong symbolic function, showing off national capability and generally 
gathering more public interest than robotic missions. China’s human space missions serve 
as a strong symbol of that country’s technical and economic progress, undeniably stating 
that China is now part of the “major spacefaring nations” club. 

Human spaceflight does have its diplomatic uses, in that it offers the possibility to fly 
guest astronauts of other countries, resulting in tighter bonds between nations. The Soviet 
Union, for example, had its Interkosmos program for communist and sympathetic socialist 
nations, while the U.S. flew astronauts from allied nations across the world onboard the 
Shuttle. Today, the International Space Station (ISS) ensures that Russia, the U.S. and 
Europe at least maintain cooperation in space, even though their terrestrial disputes have 
led to communication breakdowns, sanctions and boycotts in other areas. Maintaining at 
least some kind of human spaceflight endeavor also preserves jobs, perishable skills and 
expertise in high-tech industry. 

Several U.S. presidents have thus come up with new, bold plans in the spirit of the ‘von 
Braun paradigm’, such as Ronald Reagan’s National Aero-Space Plane and the space- 
based part of his Strategic Defense Initiative (“Star Wars") of the 1980s; George W. Bush's 
manned Mars plans for the 1990s; and George W. Bush Junior’s Constellation lunar plans 
for the 2000s. All of them were cancelled in the early stages of development. 

Lately, the debate surrounding such ambitious space exploration has centered on 
whether they should happen through classical government space programs, or via some 
form of NewSpace commercial developments and public-private partnership. But human 
space exploration remains the focus. It is almost a religion, with its own ‘bibles’ in the 
writings of Konstantin Tsiolkovsky, Hermann Oberth, Robert H. Goddard, Wernher von 
Braun and other space pioneers, in which astronauts assume the role of saints. 

Human space exploration is seen as something inevitable, a logical outcome of evolu- 
tion and the restless need to explore that Mother Nature instilled in us. Moreover, if the 
universe is mostly empty and seemingly devoid of intelligences other than ours, wouldn’t 
it be a waste of all that space if we were not to make use of it? Isn’t it all out there for us 
to expand into, and in fact don’t we have an obligation to do so? 

In reality, there is no scientific proof that intelligence, let alone human or robotic space 
exploration, is a fundamental result of natural, Darwinian evolution. Nature doesn’t have 
a ‘direction’, and the universe doesn’t care whether life on Earth manages to leave its 
planet or remains at the single cell stage in a tidal puddle somewhere; whether we colonize 
the galaxy or blow ourselves up in a nuclear Armageddon. As space popularizer Carl 
Sagan put it: “The universe seems neither benign nor hostile, merely indifferent.” 

There is also no guarantee that once we colonize space, we will find ways to make it 
economically justifiable, whether that is by mining the Moon and asteroids, Space Solar 
Power, zero-g manufacturing, spin-offs or whatever. Some space enthusiasts seem to be 
certain of this, but once again according to Sagan: “The universe is not required to be in 
perfect harmony with human ambition.” 

Hard lessons have been learned. The first one is that erroneous predictions are not the 
exception but the rule for spaceflight developments; mostly too conservative until around 
the launch of Sputnik, and way too optimistic ever since Apollo 8. We are still waiting for 
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giant-wheel space stations, efficient aircraft-like operable spaceplanes and Mars bases. 
Only computers have evolved much faster than predicted by von Braun, although they are 
still not as smart (or dangerous) as the HAL 9000 of 2001, A Space Odyssey. 

Another thing we have found out is that there is nothing inevitable about space explora- 
tion. Political needs, such as demonstrating the power and success of one’s economy and 
technology, are major drivers for human spaceflight, but the rapid decline in NASA’s budget 
following the successful lunar landing of Apollo 11 shows that changing priorities and gov- 
ernment administrations can quickly curtail any dreams for human expansion into the cos- 
mos. In his testimony to the U.S. Senate, space popularizer Neil deGrasse Tyson passionately 
argued that “after we stopped going to the Moon, we stopped dreaming about tomorrow.” 

Changing priorities and constraints can even lead to the loss of capabilities. From 1981 
until 2011, we had, in the Space Shuttle, a partly reusable launch vehicle capable of flying 
a variety of payloads and astronauts into orbit, and which could function as a crewed space 
laboratory for weeks on end. It was effectively the first element of the ‘von Braun para- 
digm’; a reusable winged vehicle giving routine access to low Earth orbit and enabling the 
construction of a large, modular space station, the ISS. But the Space Shuttle system 
turned out to be very expensive, costing more per flight and per kilogram-payload-to-orbit 
than any other launcher. It was overly complex and neither very reliable nor safe. When 
the Space Shuttle was mothballed, however, we lost a set of unique capabilities that only 
a Shuttle-like system can provide. The Soviets developed their own Shuttle, launched it 
once, then gave up. 

Now we are back to wingless, parachute-equipped capsules atop rockets that can trace 
their heritage directly to the spaceships of the 1960s, rather than the logical next step 
on from the Shuttle in the form of truly reusable, versatile and highly efficient space- 
planes. In 1969 we had the equipment to land people on the Moon; from 1973 on we no 
longer did. 

Today we have the large International Space Station which, while it could be viewed as the 
second step in von Braun’s original master plan, no longer has the reusable Shuttle for logistics 
support. However, unlike von Braun’s large space station concept, the ISS is unsuitable for use 
as a staging point for missions to the Moon or Mars. It is in the wrong orbit for that (too high 
an inclination) and moreover it is not equipped, in terms of hardware and astronaut manpower, 
to act as a “space garage” for assembling and maintaining large interplanetary spacecraft. The 
ISS is set up to house six people, not the large crews von Braun envisaged. 

There are also no guarantees that the ISS will lead to larger, multiple, or even just a single 
follow-on space station when it is inevitably decommissioned, probably sometime in the 
2020s. The ISS has not led to fundamental breakthroughs in terms of science and certainly not 
in terms of economics. There is no large and powerful community of scientists demanding bet- 
ter and larger space station facilities, nor investors ready to bankroll in-orbit factories. 

Many other roles von Braun envisioned for his space station, such as Earth observation, 
telecommunication and astronomy, have today been totally taken over by unmanned satel- 
lites. It is not even obvious anymore that the continuation of human space exploration, 
with missions to the Moon or Mars, will even require an Earth-orbiting space station. 
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There is no direct road from the ISS to von Braun’s giant wheel-shaped space base and 
on to O’Neill’s space colonies. Instead, that road is winding, full of crossroads, without 
indications of the direction, and with some streets leading to dead ends. Moreover, we are 
having a very hard time keeping ourselves on it. 

What is technically possible does not automatically become reality, because having the 
technological capability is only part of the story. Economics, politics, culture and public 
interest are all major factors at play, growing in importance with the size of the endeavor. 
Ignoring the intricate mix of the many non-technical factors that greatly influence large 
space projects amounts to self-delusion. The Apollo Moon missions, for example, would 
not have happened without the Cold War context, a booming economy and a charismatic 
president setting the U.S. a challenge. 


President Kennedy addresses the nation's space effort at Rice University and announces: “We 
choose to go to the Moon." [NASA] 


In the 1960s, the mix was just right, not only for President John F. Kennedy to announce 
the daring plan for "landing a man on the Moon and returning him safely to the Earth," but 
also for actually getting it done. An explanation often offered as to why the Moon landings 
ended in 1972 is that Apollo was ahead of its time. However, before the 1960s the technol- 
ogy was not there, while after that turbulent decade the political necessity as well as the 
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economic prosperity to back it up financially were missing. As such, Apollo came exactly 
at the right time, seizing a window of opportunity that did not last long and that has not 
been repeated since. This at least partly explains why the various ambitious space plans 
boldly announced by U.S. presidents since then have all failed to materialize. The Soviet 
manned Moon landing program started too late and was too poorly organized and under- 
funded to be able to catch up with Apollo. It was effectively terminated in 1974. 

In the early 1990s in Europe, increasing cost predictions, and the expenses West 
Germany suddenly faced due to the unification with East Germany, led to a radical dimi- 
nution of ESA’s ambitious Columbus program. The Man-Tended Free Flyer space station 
and the Hermes mini-shuttle were cancelled, and all that remained was the Columbus 
laboratory module (of reduced size) that was eventually installed on the ISS and the large, 
unmanned Earth observation satellite, Envisat. 


Lift-off for a Soviet N1 moon rocket prototype, the equivalent to Apollo’s Saturn V. 
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Artist's impression of ESA’s Hermes shuttle in orbit. It would have been launched on top of 
an Ariane 5 rocket. [ESA] 


Even purely economically-driven satellite projects are not safe, as demonstrated by the 
rapid developments in terrestrial mobile phone networks which killed off the ambitious com- 
munication satellite constellations in the late 1990s, before they could even be fully deployed. 
Currently, it even looks like we may one day choke in an Earth-enveloping cloud of self- 
created orbital debris, which already renders satellite-based applications ever more risky and 
might ultimately lead to an increased dependency on ground-based technology. 

One day we may be a multi-planet species able to reach other solar systems, but this is 
not bound to happen by itself. 

A third lesson, already learned way before Sputnik 1, is that history and technological 
development do not follow a linear, predictable, or even fully rational path. All kinds of 
developments that are currently hard to foresee may take place. The fact that unmanned 
satellites, rather than astronauts, would play the starring role in exploration and the eco- 
nomic use of space was not foreseen by von Braun and his contemporaries. 

Private venture plans for *space tourism' led astronaut and second man on the Moon, 
Buzz Aldrin, to express the opinion in 2001 that *... we will not be able to afford a politi- 
cal decision to return to the Moon or go to Mars with NASA explorers, or whomever, until 
we get the people behind it and we start doing adventure travel." While it may not exactly 
be ‘space tourism’ that has led to the recent success of SpaceX, this ‘NewSpace’ company 
did grow out of a similar idea, of providing low-cost commercial transportation of cargo 
and astronauts to orbit, revolutionizing this business and forcing established launch pro- 
viders like Arianespace and ULA to scramble to come up with new, more cost-efficient 
launchers. 
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These are the kind of unforeseen and unexpected developments that could suddenly 
drive completely new directions in the future. Who had foreseen the iPhone, Facebook, 
mobile phones, satellite navigation, or suborbital space tourism, for example? 

In fact, several types of missions that were traditionally expected to require very large 
spacecraft may instead soon be done with very small ones. Constellations of hundreds of 
mini-satellites could work together instead of single large communication satellites, or 
swarms of tiny insect-like robots could explore Mars rather than big rovers or astronauts. 
Feather-like light-sails might fly to the stars on powerful laser beams, taking humanity on 
a virtual trip into the Universe instead of on gigantic star ships with hibernating crews and 
hypothetical propulsion systems, as proposed by Louis Friedman in his book Human 
Spaceflight: From Mars to the Stars. Such ideas are fairly recent, and have only been made 
feasible by the leap in electronics miniaturization in the last few decades; you will not find 
them in the traditional ‘spaceflight bibles’ of Tsiolkovsky, Oberth, Goddard and von 
Braun. The way we saw the future half a century ago is not necessarily the same as the 
future we foresee today, which in turn is not likely to be identical to the future we will 
actually encounter. As Yoda would say, “always in motion, the future is.” 

New developments, however, can also revive older concepts that were becoming obso- 
lete. Ocean liners were rendered outdated by the airplane, but then holiday cruises meant 
a new business for large and slow passenger ships. Traditional trains could hardly compete 
with cars and cheap airline tickets, until new technology led to high speed trains that can 
take you across Europe faster than a car and about as quick as a plane — without the queu- 
ing and annoying security checks at the airport. 

New technology and business concepts can even give new chances to futuristic ideas 
from history that never materialized because they were lacking the need or the means. For 
a very long time, electric cars were too complex and too expensive to compete with cars 
equipped with ordinary combustion engines. The small tablet computers of 2001, A Space 
Odyssey and Star Trek took nearly four decades to become part of everyday life. The 
increasing demand for low-cost satellite launches means that innovative launch provider 
SpaceX, as well as DARPA, who are responsible for the development of emerging tech- 
nologies for the U.S. military, now see a market in (partly) reusable launch vehicles, an 
idea that is about as old as space rocket technology and has been a staple of science fiction 
stories for nearly a hundred years. 

It is impossible to write a book about unforeseen large-scale concepts and techno- 
logies; the ‘unknown unknowns’ (this is in contrast to the ‘known unknowns’, where you 
can at least point out the things you have no clue about). Therefore, this book focuses on 
ambitious spaceflight ideas that have already been put forward, and sometimes even 
developed to a certain extent, but which have failed to fully materialize up till now. Of 
course, not everything discussed in this book was intended to be implemented exactly as 
described, or according to the schedules projected by their initiators. Many were merely 
intended to express a vision, to show what could be done and to initiate necessary tech- 
nology developments and mold public opinion. Nevertheless, such broadly-outlined 
projects remain illustrative for the way spaceflight was expected (sometimes almost 
demanded) to develop. 
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What are the problems that forestall the advancement of particular ambitious space 
programs, projects and general concepts? Are these issues technical in nature, or financial, 
or maybe social? What are the chances that in the future these concepts can be re-invented 
because of new technology or new money becoming available? Which ideas can be rele- 
gated to the scrapheap of obsolete concepts, alongside the steam-powered car, the giant 
flying boat and the nuclear-powered airplane? And which may yet become a reality, as 
originally intended or possibly serving a very different purpose? What would be required 
to save these concepts? These questions are explored in the following chapters. 
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Giant launchers 


SHOOT ‘EM UP 


In ‘From the Earth to the Moon’ Jules Verne has three people shot into space with a 
truly enormous cannon, vertically installed in a 900-foot deep (270 m), 60-foot wide 
(18 m) hole in Stone’s Hill in Florida. Verne wrote his book in 1865, when the only way 
to get people into the air was by balloon. Rockets in those days were still small affairs, 
and not considered as a means of travelling through space. In Verne’s time, the heaviest 
things that flew any distance and at great speed were in fact artillery shells. Verne had 
an inkling that shooting people out of a gun might involve an uncomfortable accelera- 
tion, so in his story, he devised a means to cushion the shock by using an internal plat- 
form on a volume of water. Upon launch, the force of acceleration would squeeze the 
water out through holes in the base of the projectile, effectively spreading out the sud- 
den increase in velocity over a longer time and thereby smoothing the kick felt by the 
intrepid Moon voyagers. 

In 1903, Konstantin Tsiolkovsky, the Russian “Father of Astronautics,” pointed 
out that for Verne’s projectile to achieve sufficient velocity to reach the Moon, using 
the length of the barrel as described in the story, it would require an impossibly high 
acceleration of some 22,000 g. The passengers would thus suddenly experience a 
weight increase of a factor of 22 thousand. No amount of water dampening would 
have helped. 

In fact, the highest *g' number ever survived by a human is 46.2, by U.S. Air Force 
physician John Stapp, during a rocket sled deceleration experiment in 1954. A rocket 
launch is effectively a much longer drawn out explosion, subjecting astronauts to some 4 
g in the case of a Soyuz launcher. 

Still, the idea of launching satellites into space using giant cannons is not completely 
ridiculous, as sufficiently robust equipment can withstand staggering levels of accelera- 
tion while remaining functional. The electronics within modern artillery shells, for 
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This engraving from an 1872 edition of Jules Verne’s book ‘From the Earth to the Moon’ 
depicts the firing of the lunar projectile out of the Columbiad cannon. 


instance, are typically designed for 15 thousand g. And unlike old fashioned gun powder, 
today’s more sophisticated explosives can accelerate projectiles up to orbital speeds, in 
principle, with much smaller cannons than the one envisioned by Jules Verne. In the 
mid-1960s, the Canadian engineer Gerald Bull shot relatively small Martlet projectiles 
to very high altitudes using a Navy gun with a 40-centimeter diameter barrel, in the 
U.S. Army’s High Altitude Research Program (HARP). In 1966, Bull’s team even fired 
an 85 kg Martlet 2C projectile into space, setting an altitude record of 180 km. The 
object did not have sufficient speed at that altitude to go into orbit, but in principle such 
a projectile could be equipped with a second rocket motor to achieve sufficient speed in 
an orbital direction and become a satellite. This was in fact planned for improved 
versions of the Martlet. 

Unfortunately, the whole endeavor was cancelled when the Canadian government dis- 
continued its support for the program, while more of the U.S. Army’s attention and money 
was increasingly being diverted to the conflict in Vietnam. HARP also became the victim 
of a turf war, since weapons covering distances over 60 miles (96 km), including space 
launch vehicles, were supposed to be under the control of the U.S. Air Force, not the Army. 
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Some views of project HARP’s supergun. 


The useful payload of Martlet-type projectiles would in any case have been rather 
small, and the extreme accelerations, in the order of 1000 g, would have severely limited 
the type of equipment that could be flown. Most military missile electronics and sensors 
can handle only a few hundred g, while regular spacecraft are built to withstand far lower 
g-levels. Launching regular satellites with a supergun would thus be impossible. It may 
still be a viable method for putting raw materials, like water, fuel and metals into orbit, but 
there is no obvious reason to do so. 

An alternative to using explosives could be the electromagnetic launch gun. Such a 
launch device would use powerful magnetic repulsion forces generated by strong electric 
currents to accelerate projectiles along a rail. Potentially, an electromagnetic rail gun 
can achieve higher velocities while subjecting its projectile to lower g-levels, because 
the acceleration is continuous. The longer the rail, the higher the velocity that can be 
achieved, or the lower the acceleration necessary to attain a given velocity. It could also 
be capable of launching heavier projectiles than traditional gun technology, as it is poten- 
tially easier to scale up. However, even a small electromagnetic launch system requires 
extremely high levels of electric power and impractically long rails. As with Bull’s 
supergun, it would give its projectile a very high velocity at low altitude, resulting in 
significant loss of velocity due to aerodynamic drag in the dense atmosphere. In contrast, 
a conventional launch rocket takes off vertically to climb quickly through the densest 
part of the atmosphere at relatively low speed, then does most of its acceleration effec- 
tively in vacuum. 
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SUPER HEAVY-LIFT LAUNCHERS 


So, while very small, very specialized spacecraft could potentially be launched using 
advanced types of cannons, launching large, heavy payloads into space means large, heavy 
rockets, at least for the foreseeable future. 

The first reasonably realistic depiction of the kind of large rocket that would be 
needed to land people on the Moon can be found in the German movie Frau im Mond 
(Woman in the Moon) by the famous director Fritz Lang (also known for his cinematic 
science fiction milestone Metropolis). Released in 1929, Frau im Mond showed remark- 
able foresight for its time and left a lasting impression on young spaceflight enthusiasts 
like Wernher von Braun and Krafft Ehricke, who would grow to become leaders in 
German and then U.S. rocket development, as well as highly influential spaceflight 
visionaries of the early space age. 

The movie depicts an enormous two-stage rocket, the Friede (Peace), exiting a gigan- 
tic assembly hall on a moveable platform on rails, very much like today’s large launchers. 
It is seen suspended above its launch platform in four mechanical arms, similar to today’s 
Soyuz rocket. The depiction is truly visionary for a time when the biggest rockets avail- 
able were only a few meters long and could be mounted into their launch gantries by just 
a few men. The violent soundwaves produced by a Moon rocket were correctly foreseen 
to be an issue and in the movie, the Friede is therefore launched out of a massive tank 
filled with water. This method has never actually been applied in this way, but decades 
later, vast amounts of water were sprayed onto the launch platform of the Space Shuttle 
for the same reason. 


FRAU.. 
MO ND. 
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Movie poster of Frau im Mond. [UFA] 
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The Friede Moon rocket is transported out of its assembly building in the movie Frau im 
Mond. [UFA] 


The upper stage of the behemoth launcher, carrying its integrated crewed spacecraft, is 
painted black on one side and white on the other, so that by rotating the stage with respect 
to the Sun, the interior temperature could be controlled. With the white side towards the 
Sun to reflect solar rays and the black side to empty space to radiate away heat, the space- 
craft could be cooled down; and vice versa, with the black side to the Sun to heat up and 
the white side towards cold space to retain internal warmth. Decades later, this method was 
actually utilized for thermal control in a few early satellites. 

All this clearly reflects the involvement of spaceflight pioneers Hermann Oberth and 
Willy Ley. Together with the director, these men had even planned to build and launch a 
small rocket for publicity, financed by the movie, but nothing ever came of this apart from 
some rocket engine tests on the ground. 

The movie's most lasting influence on real spaceflight, however, must be the 'count- 
down'. Intended only to increase the dramatic impact of the launch in the movie, German 
rocketry pioneers like Wernher von Braun afterwards adopted the procedure for their 
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actual launches, and imported the tradition to the U.S. after World War II. Today, no 
Western launcher takes off without the familiar, adrenaline enhancing, “10, 9, 8..." 

The Space Race between the U.S. and the Soviet Union in the 1950s and 1960s was, 
for a large part, a race to build the largest, most powerful rocket. NASA developed the 
Saturn V, a 111-meter high monster capable of lifting 140 metric tons into a low Earth 
orbit, or to kick three astronauts, their spaceship and a two-person lunar lander to the 
Moon. The Saturn V had a launch mass of nearly three million kilograms, and each of 
its five F-1 first stage engines developed just under seven thousand kiloNewtons (kN) at 
lift off, burning 2.5 thousand liters of RP-1 (refined kerosene) and liquid oxygen per 
second. The F-1 remains the largest, most powerful single-combustion-chamber rocket 
engine ever developed. Only 13 of these monster rockets were ever launched, between 
1967 and 1973: 2 unmanned test launches, 10 crewed Moon missions and one to put a 
space station into orbit. 


A towering Saturn V launcher is driven out of the Vehicle Assembly Building at the Kennedy 
Space Center. [NASA] 
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Wernher von Braun, under whose lead the Saturn V was developed, standing before the F-1 
engines at the lower end of a Saturn V test model. [NASA] 


At about the same time as the Saturn V, the Soviet Union was developing its N1/L3 
launcher, which was comparable in size and purpose but with lower performance, having a 
lift capability of close to 100 metric tons into LEO, compared to Saturn V’s 140 metric tons. 
The N1/L3 would have launched two cosmonauts to the Moon, enabling only one of them 
to set foot on the lunar surface using a rather small lander that offered little hope of escape 
in the event something went wrong. Instead of a limited number of extremely powerful 
engines like the Saturn V F-1, the first stage of the N1 (which in fact developed a higher 
total thrust than the first stage of the Saturn V) depended on the use of no less than 30 NK- 
15 engines, fueled by highly refined kerosene and liquid oxygen. This meant simpler, easier 
to develop engines, but overly complicated first stage plumbing that proved prone to failure. 
All of the four (test) launches were failures, with none of them even making it to first stage 
separation. On the second launch attempt, the N1 rocket actually fell back onto the launch 
pad, resulting in the largest artificial non-nuclear explosion in human history. 

Development of the NI/L3 was suspended in 1974 and officially cancelled in 1976, 
effectively taking with it all Soviet manned lunar mission aspirations. The Soviets kept 
their giant launcher a secret almost until the very end. Only in 1989, a few years before the 
final collapse of the Soviet Union, was information about the rocket finally officially 
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Comparison of NASA’s Saturn V and the Soviet N1/L3. [Wikipedia Creative Commons/ 
Ebs08] 


released (although U.S. spy satellites had already taken pictures of N1 rockets on the 
launch pad in the late 1960s). 

After the N1 fiasco, the Soviet Union had another try at a “super heavy’ launcher (a 
launcher with a payload capability to low Earth orbit of over 50 metric tons) with the 
Energia. This new launcher was capable of putting 100,000 kg of payload into a low Earth 
orbit, just over two-thirds the capability of a Saturn V. It was primarily meant to launch the 
Russian Buran shuttle, a vehicle very similar to NASA’s Space Shuttle Orbiter, apart from 
the lack of large rocket engines. For the U.S. Space Shuttle, the orbiter’s main engines 
were an integral part of the launch system, whereas for the Soviet system, the Buran 
shuttle was basically only a static payload of the Energia rocket. The benefit of this was 
that the Energia booster could also be used without the Buran, as a stand-alone super 
heavy-lift launch vehicle. 

Energia was launched only twice. The first was in 1987, without Buran and instead carry- 
ing a military prototype ‘satellite killer’ laser platform (which failed to reach orbit). The sec- 
ond launch was in 1988 with an unmanned Buran shuttle (which was a complete success). 
Within a short time, however, the Soviet Union fell apart and Russia was left in no condition 
to be able to afford expensive systems with disputable purposes like Energia/Buran. 
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An Energia rocket with Buran shuttle on its rail transporter/erector system. 


After the Moon Race era ended in 1969, and certainly when the whole Cold War was 
effectively over in 1989, there was no longer any need for behemoths like the Saturn V. 
NASA flew its last one in 1973 to loft the Skylab space station into orbit, by which time 
the Saturn V production line had already been dismantled. The remaining flight hardware 
ended up in museums, and nearly 45 years later there is still no true successor available. 

You could argue that a Saturn V class launcher would be very useful for a large space- 
faring nation like the U.S. Consider for instance the International Space Station (ISS) that 
is currently circling our planet. Since its first module was launched in 1998, it has been 
continually growing and accumulating mass, to a total of about 420 thousand kilograms 
currently in orbit. The number of assembly flights (launches that brought up the 15 pres- 
surized modules and other major elements), for what has been considered the completed 
station since 2011, adds up to a total of 31: 27 Space Shuttle missions, 2 Proton launches 
and 2 Soyuz flights. 

In terms of mass, just three Saturn V rockets could have done the same job. Maybe 
more would have been required when taking payload volume limitations into consider- 
ation, but on the other hand, such a significantly smaller number of flights would have 
meant fewer interfaces; an equivalent space station could have been constructed from three 
very large modules rather than the 15 relatively small ones of the ISS. 
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This Saturn V can be visited at the Kennedy Space Center. Its first stage is a test stage, while 
the second and third stages were meant for the Apollo 19 mission that was cancelled. 
[Kennedy Space Center] 


In terms of pressurized (and thus habitable) volume, the modules of the ISS add up to a 
total of just over 930 cubic meters, while the Skylab station had about 360 cubic meters. 
Launching three Skylab-sized “modules” on the Saturn V would therefore have created a 
space station roughly equivalent to the ISS. If the Saturn V had still been available in 1998, 
the number of assembly flights required to build the station could have been a factor of 10 
fewer. This would have represented not only a huge saving in launch costs but also in assem- 
bly effort, connecting only the three modules instead of 15, plus assorted assemblies. 

This logic could be extrapolated further. With an Ariane 5 ES rocket, it is possible to 
put a single 20 thousand kilogram satellite into low Earth orbit (the now-retired Space 
Shuttle could carry around 27,500 kg). A Saturn V could carry seven of those aloft in one 
shot, or a single, giant, 140 thousand kilogram satellite platform doing the job of seven 
Ariane 5-sized satellites. 

So why don’t we have a Saturn V launcher now, and come to think of it, why wasn’t the 
Space Shuttle abandoned in the late 1990s in favor of a much higher performance Saturn 
V-class launcher? Quite simply, there is now little need for the very large payload capa- 
bility of a rocket such as the Saturn V. Satellites for telecommunication, Earth observation 
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and science do not, and need not, mass into the hundreds of thousands of kilograms. Such 
systems would be far too costly to develop, too complex and large to put together, and 
represent too high a risk. The value of the investment lost in case of a launch failure would 
be substantial. 

Thus, it makes sense not to put all the eggs into a single (launcher) basket, but instead 
to build and launch a number of smaller, less complex satellites, with a smaller financial 
investment and reduced risk. In 2002, the European Space Agency (ESA) launched 
Envisat, the largest civilian Earth observation satellite ever. It had a mass of 8,200 kg and 
no less than 10 instruments, representing the combined efforts and hopes of hundreds of 
scientists. Although overall it is quite efficient to put so many instruments aboard a single 
spacecraft platform, many in ESA started to get a bit nervous when the launch date 
approached. A launch failure is always bad, but in the case of Envisat the impact would 
have been extraordinarily large. Ten expensive instruments all going into space at the 
same time could also mean ten instruments simultaneously ending up on the bottom of the 
ocean if something went wrong at launch. 

The impact of failure can be considered to grow exponentially with the size of the mis- 
sion: the larger the satellite, the greater the risk impact. ESA’s latest major Earth observa- 
tion satellites, the Sentinels, are quite a bit smaller than Envisat and each carries fewer 
instruments. Spreading the functional capabilities of a huge satellite like Envisat over a 
number of smaller, more specialized spacecraft like the Sentinels reduces the risk of losing 
it all and also gives more flexibility in terms of development and budget planning. 

All this proves that a Saturn V-class launcher is now redundant. In truth, such a vehicle 
would only really be useful for launching large space stations and human interplanetary 
missions. 

Still, if you were willing to accept the risks of an all-in-one launch, you could argue that 
a giant launcher could still be used to carry many smaller spacecraft all at the same time, 
potentially bringing down the launch price for each individual satellite. But that would 
also mean that the logistics of the launch schedule, and thus the development of many 
satellites from different organizations, would need to be closely aligned. Schedule slip- 
page for one satellite could mean delaying the launch of all the others as well, or launching 
with fewer paying customers and therefore increasing the launch price for each of those 
who remained. 

Moreover, such a combined launch would only work if all the satellites were targeted 
for compatible orbits, with similar orbital inclinations and altitudes. You could not, for 
instance, launch one satellite into an equatorial low Earth orbit, another into a polar orbit 
and yet another into a Geosynchronous Transfer Orbit (GTO). The very successful (up to 
now) Ariane 5 launcher provides a case in point. It was developed to launch two typical 
GTO satellites in one go for cost efficiency, but it has sometimes proven difficult to find 
compatible combinations of spacecraft to fulfill total mass and launch date requirements, 
so the Ariane 5 sometimes lifts off nearly half empty. A newer alternative, the highly cost- 
efficient and marketable Falcon 9 of SpaceX, is optimized for single-satellite GTO 
launches, as will be the light, two-strap-on-booster version of Ariane 6, the European suc- 
cessor to Ariane 5 that is currently being developed (although the version with four boost- 
ers will still be able to lift two satellites at a time). 
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If Ariane 5 has had problems launching just two compatible 5-ton satellites at the same 
time, then it’s easy to see that getting ten or more of these ready to put onboard a Saturn 
V-class launcher all on the same date and bound for compatible orbits would be a substan- 
tial and difficult challenge. 

All this means that barring the need to construct a new, large space station or other 
enormous orbital system, or a steady stream of crewed flights or outpost supply missions 
to the Moon or Mars, there would be little for a Saturn V to do these days. The develop- 
ment of such a huge launcher is highly expensive (for Saturn V, it would be around $55 
billion in today’s dollars), as is the maintenance of its ground infrastructure (launch pads, 
assembly buildings, control centers) and keeping the production infrastructure opera- 
tional, making it a very uneconomical system if flown only once per year or less. 

Even during the Apollo era for which they were built, NASA only launched a total of 
13 Saturn V rockets from 1967 through 1973; an average of less than two per year. At that 
rate, a Saturn V launch would cost some $2.3 billion per flight in current-year dollars, 
without considering the development costs. In contrast, a successful modern medium class 
rocket like the Falcon 9v1.1 typically sees more than six launches per year, representing a 
far more economical use of a launch vehicle and its associated infrastructure. It may have 
only one-tenth the payload capacity of a Saturn V, but its launch price is nearly twenty 
times less, resulting in a considerably lower cost-per-kilogram in orbit. 

The use of a lower-capacity launcher that is already available and can also be used for 
other missions thus clearly makes more sense than developing a dedicated Saturn V-class 
launch vehicle that will see only limited use. This was why the Soviet Union built up its 
Salyut and Mir space stations from modules put into orbit on medium class Proton rockets, 
rather than the problematic giant N1, and why the ISS was built from smaller pieces using 
the readily available Space Shuttle rather than a new Saturn V-class launcher. 

Although the cost-per-flight of the Shuttle was hardly less than that of a Saturn V, each 
ISS assembly flight also carried an astronaut crew and a handy robotic arm for in-orbit 
assembly activities, in addition to the space station’s module or components. There is also 
the fact that the Shuttle’s development was already paid for, while the development of a 
new super heavy launch vehicle would have taken considerable time and money. 
Construction of the ISS out of smaller modules over a longer time, rather than a few very 
large modules, also meant flexibility. It allowed the various countries and agencies (the 
U.S., Russia, Japan, ESA and Canada) to develop and built modules more or less indepen- 
dently and on their own schedule, and the station to grow slowly, spreading efforts and 
expenses over time. Moreover, if one module was not ready, another could be launched 
instead, offering a cost-conscious flexibility that would be much less viable with a station 
constructed out of three or four mega-modules. 

One possible way to combine the economy of high-launch-rate medium class launchers 
with the large payload capacity benefits of a heavy launcher in the future is the modular 
launcher concept, as represented by the Falcon Heavy of SpaceX. This new launcher is 
basically built up from Falcon 9 launcher elements: a complete Falcon 9 as the rocket core, 
and two Falcon 9 first stages as strap-on boosters. This would be able to carry a low Earth 
orbit (LEO) payload of up to about 53 metric tons, just over a third of the LEO capability 
of a Saturn V but approximately twice that of the Space Shuttle. Benefiting from the com- 
monalities with the high-production-rate regular Falcon 9, the projected total launch price 
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for the Falcon Heavy is somewhere between $90 and $150 million (at the time of writing, 
the SpaceX website is not clear on this, stating a cost of $90 million for a 6,400 kg payload 
to GTO, which is far less than its total GTO capacity). This is an order of magnitude less 
than the cost of a Space Shuttle flight, and equivalent to (or even less than) that of an 
Ariane 5, which has only a third of the LEO capacity. With three launches, the Falcon 
Heavy could carry aloft more than the equivalent payload mass of a Saturn V at around a 
third of the cost. 


Artist's impression of a Falcon Heavy in flight. [SpaceX] 


NASA is nevertheless developing a next-generation Saturn V in the form of the Space 
Launch System, or SLS. A significant part of this new launcher is based on existing Space 
Shuttle technology, using simplified (non-reusable) Space Shuttle Main Engines and lon- 
ger Space Shuttle-type Solid Rocket Boosters. Apart from the obvious benefits of using 
heritage equipment and technology, in terms of both reducing cost and development risks, 
and reliability through familiarity, this also means that the SLS preserves jobs in areas and 
industries that would otherwise have been lost when the Space Shuttle was retired. The 
program's critics insist that this is the main reason for its existence and financial support 
from the government. 

Opponents of the launcher highlight that NASA currently has no obvious need for it 
and that its job can be more economically performed by other, smaller launchers. The 
standing joke is that SLS really stands for “Senate Launch System." 
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Artist’s concept of the Space Launch System (SLS) Block I heavy-lift launcher. [NASA/ 
MSFC] 


The Block I version of the SLS is designed to have an LEO payload capability of 70 
metric tons, considerably more than the 53 metric tons of the Falcon Heavy. But it appears 
that the SLS will also be better suited for missions beyond LEO, having the capability to 
send its payload on the way to the Moon, for example. The SLS also has significant growth 
capability built in from the start: The subsequent Block 1B version will be able to put 105 
metric tons into LEO, while the Block 2 version is anticipated to be capable of launching 
130 metric tons, close to that of the Saturn V. 

In the 1960s, when NASA was faced with the choice between a super heavy-lift 
launcher able to send an entire mission to the Moon with one launch, or to use two con- 
siderably smaller launchers to bring smaller elements up into Earth orbit which then had 
to rendezvous and dock, they choose to go for the single-launch Saturn V option. The 
dual-launch method would have required transferring propellant from an unmanned 
tanker module into the crewed spaceship and two successful launches within a very 
short period of time. The single-launch method simplified launch and flight operations, 
as well as the spacecraft’s design. The Soviets followed a similar reasoning, leading 
them to develop the N1. 

Large launchers typically have a better cost-per-kilogram to orbit performance than 
smaller launchers, but the problem is that you don’t pay for a launch-per-kilogram pay- 
load; whether the fairing is full or half empty, the launch price remains the same. Super 
heavy-lifters like the Saturn V and SLS are thus only economical when flying at their 
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maximum payload capacity, and it takes a lot of equipment to fill them up. If you plan to 
fly human missions or planetary base elements to the Moon or Mars on a regular basis, or 
need to launch extremely bulky things into Earth orbit in one go, then the development of 
a super heavy-lift launcher like Saturn V and the SLS makes sense. Without this need, 
considerably smaller launchers with a significantly lower development cost and price per 
launch, such as the Falcon Heavy, will suffice. 

This appears to lead to an awkward ‘chicken-and-egg’ situation: without in-orbit facto- 
ries, space colonies or large-scale crewed interplanetary missions, there is little need for a 
super heavy-lift launch vehicle; yet without such a launcher, such large-scale space proj- 
ects are less likely to be viable. NASA's official selling point for the SES is that it will be 
an enabler for the agency's beyond-LEO human spaceflight ambitions, a vital element on 
the path to crewed missions to Mars. It will, according to a NASA SLS fact sheet, “be the 
biggest, most capable rocket ever built for entirely new human exploration missions." 

The SLS may also be useful for robotic space exploration, enabling larger probes with 
more payload instruments to reach distant destinations like Jupiter and Saturn in less time, 
by using more direct routes without requiring fly-bys of other planets to gain sufficient 
velocity. However, an SLS launch will cost a lot more than a flight with an alternative 
rocket like the Falcon 9 or Falcon Heavy, with their lesser, but likely still sufficient, capa- 
bilities. Moreover, space probes that are so large and massive that they need to launch on 
an SLS don't come cheap in themselves. SLS-based robotic exploration missions will thus 
be rather expensive and will not occur often, maybe only once per decade. 

Taken together with the unofficial ‘strong points’ of the SLS program — maintaining Space 
Shuttle-era experience, jobs and industry — this reasoning seems to be sufficient for development 
of the SLS to continue. However, NASA currently has neither crewed lunar landing plans nor a 
definite schedule for human missions to Mars in the near future. In addition, there does not seem 
to be a queue of other potential customers, such as the military or the telecom satellites industry, 
that would really require super heavy-lift capabilities, and certainly not very often. This means 
that the SLS may find itself without much to do if and when it becomes operational. 

Due to the high fixed costs for personnel and facilities, low launch rates for SLS would 
inevitably increase the cost per individual launch, and thus also payload launch cost per 
kilogram. Critics point out that keeping SLS operational, which may also involve using it 
for missions that could be flown more economically using smaller launchers, could 
become such a burden on NASA's human spaceflight budget that there would be little 
money left to do anything else, such as developing the other hardware needed for human 
missions to Mars. That would mean that the existence of the SLS would actually hamper 
the development of the very missions it is intended to launch. 

Nevertheless, the first SLS is currently planned to fly by November 2018, so that 45 
years after the last Saturn V rose from the pad, the U.S. may again have a super heavy-lift 
launcher at its disposal. Being a prerequisite for many of the other large "dreams" dis- 
cussed in this book, it would at least open the door for such ambitious further plans. 

Interestingly, in 2005, the Russian space company Khrunichev proposed to develop a 
super heavy launcher for NASA's ‘Vision for Space Exploration’ that was announced by 
U.S. president George W. Bush in January 2004 and which envisioned crewed human mis- 
sions by 2020. Their Angara-100 would have been based on rocket engines derived from 
those used in the earlier Energia rocket, and was expected to have LEO payload capability 
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in excess of 100 metric tons. Instead, NASA decided to develop its own super heavy, in 
the form of the Ares V. This evolved into the SLS after the next U.S. president, Barak 
Obama, replaced Bush’s ‘Vision for Space Exploration’ in 2010 with his own space policy, 
aimed at putting astronauts in orbit around Mars by the mid-2030s. 

In the late 2000s, under the designation Rus-M, Russia studied a number of heavy 
launchers of modular design, all based on a core stage with a number of liquid propellant 
strap-on boosters attached. The Rus-M50 version would have been able to put 50 metric 
tons into LEO, and the Rus-M100 over 100 metric tons. In 2011, however, the whole Rus- 
M development, even its more modest variants, was cancelled by the new chief of Russia’s 
space agency, Roskosmos, citing both budget constraints and the lack of need for its 
capabilities. 

The Chinese also seem to be of the opinion that ambitious, large space projects will 
require super heavy-lift capabilities. China’s Academy of Launch Vehicle Technologies, 
CALT, has preliminary designs for what they have already named the Long March 9, 
which may (according to one of the conceptual designs revealed) use first stage engines 
comparable to those of the Saturn V, and have LEO capability of 130 metric tons, the same 
goal as for the SLS Block 2. For China, this would represent a leap in launch capabilities, 
carrying some five times higher LEO payload mass than their recent Long March 5. 
According to CALT, the Long March 9 is expected to fly before 2031 and is intended to 
provide China with the capability to perform manned lunar missions. 


One of the concepts for China’s Long March 9 super heavy launcher. [CALT] 
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The Chinese launcher concept is not only impressive, it also hints at ambitious spacefaring 
goals. As already mentioned, such a launcher really only makes sense in combination with 
large space stations or crewed interplanetary missions, and CALT officials have already 
mentioned manned lunar missions. The decision to go ahead with the full development of the 
Long March 9 is expected to be made by 2020, so the launcher could be flying by the middle 
of that decade and the Chinese could be landing on the Moon by 2030, thus fulfilling their 
goal to be on a par with the U.S. and Russia as a major spacefaring nation. 

In Europe, the French space agency, CNES, studied the feasibility of a super heavy-lift 
launcher based on Ariane 5 elements in the early 1990s. Their concept was based on a 
large first stage, using five Vulcain-2 main engines (Ariane 5 uses only one), four P230 
solid rocket boosters (Ariane 5 uses two) and an upper stage using a single modified 
Vulcain-2. The philosophy of reusing existing hardware and technology was similar to 
that currently employed in the SLS, which, as previously indicated, will incorporate main 
engines and boosters derived from those used in the Space Shuttle. The ‘Ariane Super 
Lourd’ (‘Ariane Super Heavy’), or ASL rocket was expected to be able to launch 35 metric 
tons to the Moon, or put 90 metric tons into LEO. Even more powerful versions were 
deliberated, of which the ultimate concept consisted of even larger first and second stages 
combined with two Ariane 5 boosters and four Space Shuttle-type solid rocket boosters. 
That would have increased the LEO capability to 140 metric tons, the same as a Saturn V. 

The study was initiated in 1991, some five years before the first flight of Ariane 5, and 
seems to have been more an exploration of possible further developments and uses of 
Ariane 5 equipment rather than an answer to a specific need. Europe had no manned lunar 
missions planned at the time, nor any need to put such large masses into LEO. 
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The Ariane Super Heavy, studied by the French in 1991. [CNES] 
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Interest in a European Heavy Launcher briefly re-emerged in the mid-2000s, when 
the European Space Agency (ESA) studied the possibilities for short-duration human 
missions to the Moon and found that the existing Ariane launchers and their planned 
enhanced versions would not have the capabilities to fulfil the mission requirements. 
Simply put, if Europe wanted to be able to fly manned lunar missions independently, it 
would need a super heavy-lift launcher. In 2005, the agency performed an in-house 
study on such a vehicle (simply called HLLV, for Heavy-Lift Launch Vehicle), with the 
constraint that all development and production would need to be performed within 
Europe. 

The result was a rocket that had a lot in common with the earlier CNES ‘Ariane Super 
Heavy’. It incorporated five new, to-be-developed, high-thrust rocket engines (each with a 
thrust of about a third of a Saturn V F-1; still double that of the Ariane 5 Vulcain) in the 
first stage, four Ariane 5 solid rocket boosters, a second stage with three new engines, plus 
a third stage with two engines of yet another type. The rocket would have been able to 
launch 80 metric tons into LEO and send 35 metric tons to the Moon. Its maiden flight 
would have been around 2020, and it was assumed that 50 flights would be required over 
10 years; a rather ambitious number. Developing and flying independent crewed lunar 
landing missions together with such a super heavy-lift launcher would have required a 
hefty increase in ESA’s annual budget. 

Although the current ESA General Director is arguing the case for developing an inter- 
national ‘Moon village’, there have been no suggestions that Europe would again contem- 
plate the development of a super heavy-lift launcher. With its member states currently 
recovering from a financial crisis, the large increase in ESA’s budget that such a launcher 
would require is highly unlikely to materialize anytime soon. 
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While the Saturn V was a giant, a considerably larger launcher had originally been con- 
templated, to land astronauts and their entire spacecraft on the Moon directly without 
requiring any spacecraft rendezvous and docking activities in either Earth orbit or lunar 
orbit. In NASA’s first long range plan, delivered to President Dwight D. Eisenhower early 
in 1959, this launcher was identified as Nova. 

Not long afterwards, the supposed launcher technology ‘gap’ with the Soviets was 
made into a major issue in the election campaign by presidential candidate John F. Kennedy. 
When he took up office in 1961 and the Soviets launched Yuri Gagarin as the first human 
in space, the political environment for developing Nova could scarcely have been better. 
At the time, NASA’s baseline Nova launcher was a five-stage monster, with no less than 
eight F-1 engines in the first stage (Saturn V had ‘only’ five) and another two in the second 
stage. The third stage would have had four J-2 engines (five of these were eventually incor- 
porated into Saturn V’s second stage). 
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Nova baseline concept of 1961. [NASA/MSFC] 


Nova was never one specific launcher design, but rather a number of different concepts. 
The early ones were based on clusters of modular units using the F-1 and J-2 rocket 
engines that were under development at the time, and which would eventually power the 
various stages of the Saturn V. The simplest Nova design at this time used four F-1 engines 
in its first stage and had a much lower launch capability than the eventual Saturn V. It was 
proposed as an intermediate step towards a true Moon rocket. But other concepts featured 
up to ten of these engines, while some designs meant for follow-on developments later in 
the decade even had nuclear upper stages, with nuclear reactors heating propellant up to 
temperatures not attainable by normal chemical (burn) reactions, and thus reaching much 
increased propulsion efficiencies. 

However, in 1962, the Lunar Orbit Rendezvous (LOR) method, using a separate lunar 
lander that would rendezvous with a mothership in lunar orbit upon return from the sur- 
face of the Moon, was chosen for the Apollo program. With LOR as the preferred method, 
the requirement to place a complete spaceship on the lunar surface disappeared, and with 
it the need for such monster rockets. 

Instead, a member of the Saturn family of launchers, whose relatively small Saturn I 
version was already operational, was selected to achieve Kennedy's challenge of “landing 
a man on the Moon and returning him safely to the Earth" before the end of the decade, a 
national goal the young president had announced in 1961. It is quite staggering to contem- 
plate that, at a time when the largest rockets didn't have even a tenth of the launch capabil- 
ity needed for the lunar missions, the giant Saturn V moon rocket was considered to be of 
relatively modest size and capability. 
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Comparison of the Nova C8 concept with its Saturn V rival and the smaller Saturn I. [NASA/MSFC] 


This was by no means the end of Nova, however. With the Saturn V selected for NASA's 
near-term needs, new Nova concepts were optimistically contemplated as its successors 
for the 1970s and beyond. The goal was a million-pound (450 metric ton) LEO payload, 
three times as much as a Saturn V could muster. Over 1962 and 1963, two large rocket 
companies not involved in Saturn V activities, Convair and Martin Marietta, received 
NASA study contracts, while Douglas Aircraft also decided to do a study of their own. The 
concepts that resulted from their work were staggeringly colossal. Imagine launchers the 
size of three Saturn Vs strapped together, some with engines considerably larger than 
Saturn V's F-1 and some with solid rocket boosters the size of the Saturn V first and sec- 
ond stages combined. 

Launchers of this size raised all the issues being addressed for the Saturn V to a whole 
new level. Where could the massive Nova stages be built? How could these monsters be 
transported? Where could they be launched from? NASA had already purchased land for 
Nova launch sites north of the Saturn V launch pads, but engineers quickly came to realize 
that the incredible soundwaves produced by a Nova launch would preclude doing so from 
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One of the advanced Nova concepts from the study by Martin Marietta, featuring an innova- 
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the Kennedy Space Center. The damage that would be caused to the area by a launch fail- 
ure would also be devastating. The Nova rockets would require floating launch platforms 
off the Florida coast, or sites that were even more remote. 

The early 1960s saw other gigantic launcher concepts beside Nova given serious con- 
sideration. The ever-ambitious Krafft Ehricke at Convair, for instance, advocated a con- 
cept called NEXUS, for a launch vehicle capable of carrying up to eight times more 
payload than a Saturn V. As if this was not impressive enough, the vehicle was conceived 
as a fully reusable, single-stage-to-orbit (SSTO) launch vehicle, meaning it would go up 
and come back as one single vehicle to improve economy. It was designed to descend with 
the help of parachutes, which would have been of colossal size, and then use rocket 
engines to slow down further, just before landing in the ocean. Standing at 122 meters tall, 
including the orbital payload section, and with a diameter of 50 meters, it is the largest 
conventionally-powered (i.e. non-nuclear) launch vehicle ever conceived. It would have 
been like flying an office block. 
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The Nexus reusable launcher, designed by Krafft Ehricke, next to an Atlas rocket of the type 
used for NASA's orbital Mercury missions. [Convair] 


A similar, but smaller design was ROMBUS - Reusable Orbital Module-Booster and 
Utility Shuttle — by Philip Bono of Douglas Aircraft, who had also headed his company's 
Nova study team. Like NEXUS, his proposal involved a very big SSTO super heavy-lift 
reusable launcher (although it would have dropped its empty propellant tanks on the way 
up). It would use its large, actively cooled base plug-nozzle area as a re-entry shield, 
before deploying parachutes and using braking rockets for a soft landing on land. The 
plug-nozzle consisted of a ring of 36 individual rocket engines, potentially a very prob- 
lematic set-up, as the Soviet N1 would soon prove. Take-off mass was expected to be 
6,350 metric tons, of which 450 metric tons would consist of orbital payload. 

The idea was that this monster would be developed in the mid-1980s, would be able to 
make at least 20 flights per individual vehicle, and would have a turn-around time between 
landing and relaunch of three months. The development cost was estimated to be $4.1 billion 
and the initial cost per flight about $22.4 million, both in 1964 dollars, which today (2017) 
would be some $31.5 billion and $170 million, respectively. Considering the costs for 
launchers that actually flew, modern estimates for much smaller reusable launchers and les- 
sons learned from the far smaller Space Shuttle project (with a typical turn-around time of 
3 months), all of these expectations and estimates can now be regarded as highly optimistic. 
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At Aerojet, Robert Truax came up with a ‘low-cost’ gargantuan two-stage launcher 
called Sea Dragon, designed to have LEO payload capability of 550 metric tons. This 
concept would launch straight out of the ocean. In order to do so, it would first be towed 
to its launch location horizontally, after which a ballast tank module attached to the first 
stage engine nozzle (a nozzle that would have been the width of about two Saturn V first 
stages) would be filled with water to pull the launcher upright. Being heavy with rocket 
propellant, the Sea Dragon would then mostly disappear under water, with only its cargo 
area remaining easily accessible above the water line. The Sea Dragon would require no 
complex launch infrastructure — apart from a nuclear aircraft carrier to power a floating 
propellant factory, in order to turn sea water into liquid oxygen and hydrogen through 
electrolysis to fuel the Sea Dragon on-site. To lower costs further, Truax envisioned that 
his design would be built out of inexpensive steel sheets, using shipbuilding techniques 
rather than aerospace materials and procedures. 


The Sea Dragon with an Apollo capsule on top, as normally fitted on a Saturn V, to give an 
idea of its scale. [Aerojet] 


By the end of 1963, however, NASA had lost interest in Nova and similar concepts, as 
other studies had shown that the Saturn V had plenty of upgrade possibilities (through 
improved rocket engines, a larger first stage, strap-on boosters, etc.) that could give it 
Nova-like capabilities. In fact, in NASA's Summary of Nova Studies of May 1963, the 
main conclusion read: “A new large launch vehicle in the 500-ton orbital payload class 
cannot be justified, unless one or more of the following requirements materialize: a. A 
large lunar base, b. manned planetary flight, c. military orbital [requirements], or d. global 
cargo missions." 

Of these four, only the first two would still warrant a super heavy-lift launcher today. 
There is no use for military space stations, as unmanned reconnaissance satellites can do 
their job better for far less money, and with plenty of efficient air and sea transport options 
available, nobody in their right mind would nowadays propose gigantic launch vehicles 
merely for transporting heavy cargo around the world. 

Even the more conservative Saturn V upgrades turned out to be surplus to requirements 
by the end of the 1960s, when it became clear that the Apollo Moon missions were not 
going to be followed up by ambitious human space exploration projects with million- 
pound payload needs. The Apollo program was being cut back, the war in Vietnam was 
becoming an ever-increasing burden on the U.S. budget, and the political will to support 
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further human expansion into the solar system was non-existent. NASA dissolved its 
Future Projects Branch in the mid-60s, ending nearly all of its activities on lunar base 
design and manned Mars missions. 

The Apollo program would end with Skylab (and the largely symbolic joint ASTP mis- 
sion with the Soviet Union in 1975), a space station that was reasonably large but could 
nevertheless still be put into orbit on a Saturn V without major upgrades. By the time Skylab 
was launched, in 1973, NASA was already contemplating a reusable winged shuttle as its 
next generation launcher, with a much lower payload capability but a much higher economic 
efficiency. Large structures like space stations would be brought up to orbit one piece or 
module at a time at low cost, rather than being shot up in one go on expensive, non-reusable 
monster rockets. Which brings us back to the issues discussed at the start of this chapter. 

The only major aerospace company in the U.S. still looking at Nova-class launchers by 
the end of the 1960s was Boeing, which performed studies under NASA contract on a single- 
stage-to-orbit plug-nozzle liquid oxygen/hydrogen launcher, with optional solid propellant 
rockets for increased payload capabilities. The main purpose of the studies, however, was not 
to lead directly to the development of the actual launcher, but instead to gain an understand- 
ing of which ‘enabling’ launcher technologies would need to be developed. 

In the mid-1970s, interest in Space Solar Power systems, or satellites with gigantic 
solar arrays beaming energy down to Earth (see Chapter 5), briefly rekindled the interest 
in extremely heavy-lift, cost-effective launchers. Among other ideas, it led to the Boeing 
concept resurfacing, in a somewhat different and more modest form, as the subject of a 
study conducted for NASA on launchers with LEO performance of over 200 metric tons. 
In the revived study, the reusable Apollo capsule-shaped vehicle would use its engines to 
slow down after re-entry, then gently splash down in a five-kilometer-wide fresh water 
pond next to its launch pad. (Landing in fresh water was considered a better idea than land- 
ing in the ocean, as previous concepts proposed, because it was much less corrosive than 
salt water.) Two-stage alternatives would be able to carry 450 to 900 metric tons and this 
latter version was a monster, with a lift-off mass of 14 thousand metric tons, close to five 
times that of a Saturn V. 

A very different looking concept favored at the time by NASA for launching Space 
Solar Power satellites was a Boeing design for a two-stage tandem winged vehicle with 
LEO capability of 424 metric tons; imagine two oversized Space Shuttle orbiters, one on 
top of the other, towering to a combined height of 164 meters (whereas a Saturn V stood 
‘only’ 111 meters). The winged second stage would employ 14 Lox/LH2 engines (liquid 
oxygen as oxidizer and liquid hydrogen for fuel) similar to those of the later Space Shuttle 
orbiter, while the first stage vehicle would use 16 rocket engines fed with liquid oxygen 
and liquid methane fuel, and jet engines to help it fly back (the first stage would only glide, 
not ending up too far from the launch site at burn-out). 

Quite reasonably, some in NASA thought this vehicle would be too big, leading the 
agency to request the company Rockwell to design a smaller version. Their concept had 
the two winged shuttles mated belly-to-belly, both downsized so that the LEO capability 
was ‘only’ 126 metric tons; similar to a Saturn V, but fully reusable, at least in theory. 

Launcher developments in the Soviet Union also included plans for Nova-class rock- 
ets in the early 1960s. As an interesting aside to the N1 Soviet Moon rocket story, we now 
know that it's developers were not only in a race with the Saturn V in the U.S., but 
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initially also with a national rival, an even larger and more powerful design in the Soviet 
Union itself. 

The N1 was the brainchild of Sergei Korolev, the chief designer behind all the early 
Soviet space spectaculars such as Sputnik and the flight of Gagarin. His successes 
depended in no small way on Valentin Glushko, whose design bureau (the Soviet version 
of an aerospace company) had provided all Korolev’s launchers with rocket engines up to 
the N1. 

For the N1, Glushko had offered to develop extremely powerful engines, with similar 
thrust to Saturn’s F-1, using propellants that would self-ignite upon contact and that would 
not need to be cooled to very low temperatures. This would avoid the need for igniters and 
would mean that the rocket could be kept fueled for a very long time without the propel- 
lant boiling off, thereby simplifying the rocket’s design and operation. His choice of pro- 
pellants had one disadvantage, however, in that they were highly toxic. Korolev preferred 
non-toxic propellants with a higher efficiency, a combination of kerosene and cryogenic 
(extremely cold) liquid oxygen. 

Things got personal, and Glushko refused to collaborate further on the N1. Korolev 
turned instead to an aviation engine design bureau, which could offer engines running on 
Korolev’s choice of propellant but had relatively low thrust; hence the need for 30 engines 
in the first stage. 

Glushko, meanwhile, found another rocket manufacturer, Korolev’s big national rival, 
Vladimir Chelomei, and came up with an alternative heavy-lift rocket concept based on 
his choice of propellants, the UR-700. Unlike the N1, the UR-700 was a modular design 
based on a cluster of separate booster stages, which would simplify testing and transpor- 
tation. Bigger, wider, but less tall than both the N1 and Saturn V, the fully assembled 
UR-700 would beat the performance of the Saturn V and be capable of lifting some 
150 metric tons into LEO. 

Unlike the U.S., the Soviets made no early final decision on which launcher to develop. 
Instead, the N1 and UR-700 projects were largely developed in parallel, resulting in a very 
inefficient use of available expertise, resources and government funding. In 1969, when 
the first N1 was launched (but failed), the UR-700 was still in development. Glushko was 
in fact carrying out an extensive test program for the UR-700's RD-270 main engines, 
even though it was clear by then that the Soviet Union's only hope for beating the 
Americans to the Moon lay with the N1/L3. 

Glushko and Chelomei, however, saw the UR-700 not only as a competitor to the 
N1, but also as the starting point for even more powerful derivatives. Development of 
a nuclear rocket engine to power new third and fourth stages was initiated, which was 
expected to raise the LEO capability to 250 metric tons. This nuclear UR-700A would 
enable the Soviets to land a complete manned spacecraft directly onto the lunar sur- 
face, similar to what was foreseen for the early Nova concepts in the U.S. There 
would be no need for separate orbiting and landing spacecraft, as with the schemes 
adopted for Apollo and Korolev's NI/L3. Later, during the 1970s, the UR-700A 
could be used for launching lunar base modules, large assemblies for in-orbit con- 
struction of a manned Mars landing mission, or even complete manned spacecraft for 
fly-bys of Venus and Mars. 


The future of heavy lift 41 


But Glushko and Chelomei’s ambition reached even further with the ultimate follow- 
on concept, the truly colossal, 16 thousand metric ton UR-700M, whose envisioned LEO 
capability was a spectacular 750 metric tons, more than five times that of a Saturn V. How 
it would have looked is still a mystery, but with this monster at their disposal, the Soviets 
hoped to beat the U.S. to Mars, if that had turned out to be the next goal in the Space Race. 
As late as 1971, engineers were working on launch pad designs for this monster, but it all 
ended when it became clear that the Space Race was over and there would be no manned 
missions to Mars by 1980. Instead, the focus in the U.S. and the Soviet Union shifted to 
more modest projects closer to home, in the form of reusable shuttles and Earth-orbiting 
space stations. 

The engineers who envisioned colossal launchers like the various Novas or the 
UR-700M, seem to have had a mindset that is somewhat difficult to understand today. 
These people regarded the powerful Saturn V as only a relatively modest rocket, a step on 
the way towards more capable systems. Did they really think their supersized creations 
would ever have turned out to be technically and financially feasible? For an equivalent to 
their bold way of thinking, their fearlessly creative proposals for launchers so large that 
they defy the imagination even (or especially) today, I think we have to look at the world 
of architecture, where plans for kilometer-high skyscrapers are not deemed beyond cred- 
ible. Buildings, however, do not need to be able to fly. 

Since the 1970s, the lack of projects necessitating their extreme performance levels and 
warranting the huge investments required has meant that no plans for extremely heavy-lift 
launchers worth mentioning have been developed. Debates about the need for super 
heavy-lift launchers like the SLS still rage on, but the overall consensus appears to be that 
Nova-class monsters are definitely unrealistic in terms of the required investments, techni- 
cal complexity and ‘customer’ needs. 


THE FUTURE OF HEAVY LIFT 


By the late 1970s, the Saturn V had been decommissioned, the Soviets had given up on 
their N1, and concepts for even larger Nova-type launchers were largely forgotten. This is 
linked to the increasing air of pessimism in spaceflight developments at the time, because 
with the end of the Space Race, it was no longer obvious that Moon bases and human Mars 
missions would follow on from the Apollo lunar landing missions. There seemed little 
need for the related super heavy-lift, let alone extremely heavy-lift, launchers. 

At this point, the emphasis of launcher development, at least in the U.S., shifted to the 
reusable Space Shuttle, which promised such low operational costs and such frequent flight 
rates that putting bulky things into LEO piecemeal using a series of Shuttle flights seemed 
to make more economic sense than flying it all up on a few Saturn V-type launchers. The 
Shuttle was incapable of sending crewed spacecraft on their way to the Moon or Mars, lack- 
ing the ability to fly beyond LEO, but its short-term tasks were foreseen to include putting 
satellites into orbit, flying astronaut repair missions when these satellites malfunctioned or 
needed upgrades, and assembling a large modular space station (initially Space Station 
Freedom, which eventually evolved into the ISS), followed by microgravity factories where 
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new metal alloys could be mixed, perfect crystals could be grown and spacecraft could be 
assembled and repaired. Any crewed Moon- or Mars-bound spaceships further into the 
future could then likewise be flown up one module at a time, to be assembled and fueled up 
in orbit. The time of the expendable heavy-lift launchers seemed to be over. 

When the Space Shuttle turned out not to fulfill its promises of low costs, frequent 
launch rate and reliability, interest in old fashioned expendable launchers returned. As an 
aside, when the Shuttle became operational, it was expected to make all expendable U.S. 
launchers obsolete, which left the country with a serious lack of alternatives when the 
Shuttle was temporarily grounded in 1986, after the Challenger accident. Human space- 
flight has now returned to using more conventional capsules sitting on top of relatively 
traditional launchers without wings. Those nations able to launch their own astronauts, the 
U.S., Russia and China, currently all follow this approach and are likely to do so until at 
least well into the next decade. 

Unfortunately, no technologically transformative breakthroughs have taken place in the 
area of super heavy-lift launchers, or in fact launchers in general, in the decades since the 
birth of the space age. The technology and performance levels have improved over the past 
50 years, but not by orders of magnitude, and the propellants used in operational launch 
systems have not changed over the past half-century, because the advantages of various 
alternatives did not turn out to compensate for their serious disadvantages. As mentioned, 
the Saturn V’s F-1 rocket engine, developed in the late 1950s, is still the most powerful 
single-combustion-chamber, liquid-propellant rocket engine ever produced. 

To bring the cost-per-kilogram to orbit figure down, the approach currently adopted by 
major launcher industries is to simplify the design of their launchers, streamline the pro- 
duction and furthermore aim for reusability (all exemplified by SpaceX), rather than go for 
massive, unproven launch vehicle concepts. 

Nevertheless, for putting large and heavy elements into orbit and sending them beyond 
LEO, the interest in super heavy launchers has returned, exemplified by the SLS in the 
United States and the Long March 9 in China. These would enable crewed missions to the 
Moon with the use of one, or at most two launches. Concepts for crewed Mars missions 
now typically rely on super heavy-lift capabilities, such as those envisioned for the SLS, 
accepting that in-orbit assembly of the spacecraft will be necessary. The feasibility of this 
operation has been proven with the assembly of the modular International Space Station. 

However, even with this new interest in super heavy launchers, there are currently no 
advanced plans for extremely heavy-lift launchers of the Nova class. Even bearing in mind 
the all-pervading optimism of the 1960s, as well as the technological developments and 
the seemingly limitless government space budgets, when looking back at concepts like 
NEXUS and Sea Dragon from a modern point of view, they do appear to be quite a bit 
over-the-top. This is particularly true given the lack of fast-paced human expansion into 
the solar system or at least a thriving business for very large LEO satellites and space 
stations. 

It would certainly be spectacular to witness something with the size, thrust and sonic 
onslaught equivalent of four Saturn V rockets lifting off. Unfortunately, with the lessons 
learned from the Space Shuttle in mind, the assembly, transportation, operation and reuse 
logistics of these gigantic launchers now appears to be unfeasible and, more importantly, 
unnecessary. 
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In today’s world, it would also be unthinkable to incorporate the live nuclear rocket 
stages that were part of many of these old U.S. and Soviet concepts. A launch failure of 
such a rocket could radioactively contaminate the entire launch complex for decades, sim- 
ilar to the area around the Chernobyl nuclear power plant that blew up in 1986. 

It therefore seems unlikely that we will see any Nova-class launchers going up in the 
near future. That being said, the Mars colonization plans that Elon Musk, founder and 
CEO ofthe successful launch company SpaceX, presented at the International Astronautical 
Congress in September 2016 are based on a massive reusable launcher that would have 3.5 
times the lift-off mass, 3.7 times the lift-off thrust and 4.1 times the LEO payload of a 
Saturn V. It would still fit on Kennedy Space Center's launch Pad 39A, from which Saturn 
Vs and Space Shuttles used to take off, because that pad was originally oversized for 
Saturn V and because the Space X *Mars Vehicle' is only slightly higher and thicker than 
the Apollo Moon rocket (more on Musk's Mars plans in Chapter 7; see *On Mars in 
2030+’). 

Musk’s design is based on clustering large numbers of rocket engines, similar to 
the concept of the Soviet Union’s ill-fated N1 moon rocket, with 42 Raptor rocket 
engines in the first stage. The N1 suffered all sorts of problems with this clustering con- 
cept, but SpaceX has experience with it, as their Falcon 9 first stage uses nine engines 
and their new Falcon Heavy uses three Falcon 9-derived core boosters for a total of 
27 engines. 
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SpaceX concept for a Mars colonist transporter on top of its reusable launcher, compared to a 
Saturn V. [SpaceX] 
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This latest giant launcher design, which is planned to incorporate the most up-to-date 
materials and rocket engine technology, is for now only a concept, although SpaceX has 
done considerable design work already. Huge (government) investments would be needed 
to have it developed, and currently the U.S. government does not seem ready for a huge 
Mars settlement undertaking. Moreover, the context in which this launcher was presented 
emphasizes the point that Nova-class launchers only make sense as part of a large-scale 
space settlement program. 
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Reusable launchers 


On September 30, 1929, Fritz von Opel took to the sky in the RAK-1, a minimalistic 
rocket plane cobbled together by attaching a cluster of black powder rocket motors to a 
tailless glider. Igniting one rocket after another, he managed to stay airborne for 80 sec- 
onds, flying 25 meters above the ground and reaching a speed of about 150 km per hour. 
Over the following decades, the rocket plane matured into a fearsome weapon, then to a 
series of record breaking experimental machines, and soon outflew any other type of air- 
craft in terms of speed and altitude. 

By the 1960s, the incredibly fast and high-flying X-15 saw the airplane begin knocking 
on the door of space. It seemed that it wouldn’t take long before its descendants would 
render the classic, non-reusable — and therefore expensive — rocket obsolete. Flying up to 
a space station would be little different from catching a plane to another continent. Launch 
prices would drop dramatically and space industrialization would be able get into high 
gear. The spaceplane was going to give us routine access to space. Except it didn’t. 


HIGH EXPECTATIONS 


The 1920s and 1930s saw rapid advancements in both aeronautics and rocket propulsion, 
so it seemed only logical that there would be a bright future for rocket-propelled aircraft. 
Rocket motors could enable an airplane to fly much faster than the conventional machines 
of the time, whose propellers quickly lost their effectiveness once their blades neared the 
speed of sound. Moreover, the piston engines of propeller aircraft (as well as the later jet 
aircraft) required atmospheric oxygen to operate, inherently limiting the altitude they 
could attain. In contrast, there were no apparent limits to rocket plane velocities and alti- 
tudes; with sufficient speed and height, a rocket plane would be able to go into orbit, then 
return and land like a normal aircraft. 
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The famous Russian “Father of Astronautics,” Konstantin Tsiolkovsky, saw the devel- 
opment of rocket aircraft as an important step on the path to space flight, and German 
rocket pioneer Max Valier foresaw transatlantic rocket airliners that inspired headlines 
such as “Berlin to New York in less than One Hour!” in the November 1931 issue of the 
American magazine, Everyday Science and Mechanics. 


According to Max Valier, the rocket plane would evolve into an orbital launch vehicle, like 
the one depicted here. 


High expectations 47 


As the world headed for another global war, the development of both rocket propulsion 
and aircraft went into overdrive. In Germany, this led to the infamous V2 ballistic missile, 
as well as the experimental Heinkel He 176 rocket plane that pilot Erich Warsitz managed 
to push to an unofficial record speed of 800 km per hour in June 1939. The voracious pro- 
pellant consumption of the He 176 meant that it did not fly very far; it only had enough for 
about a minute of powered flight. 

Further German progress during the war eventually led to the dangerous Messerschmitt 
Me 163 Komet, the world’s first (and only) rocket interceptor to enter military service. It 
had been specifically developed to counter the fleets of large Allied bombers that were 
laying waste to German cities, industries and infrastructure. For its time, the Komet's per- 
formance was impressive. While it took a conventional high-altitude propeller interceptor 
such as the Focke Wulf 190D-9 some 17 minutes to climb up to the bombers at altitudes 
of up to 10 km, the revolutionary Me 163 could get there in just under 3 minutes. Even the 
new Me 262 jet fighter took 10 minutes to climb that high. At top speed, the little Komet 
interceptor closed in on Allied bombers at around 960 km per hour, hardly allowing the 
defending gunners time to take aim, and making it by far the fastest aircraft of World War 
II. As long as it had propellant, it easily outran the propeller-driven escort fighters. Only 
after the attack, when gliding back to base with empty tanks, could the Komet be inter- 
cepted and destroyed. 

Several other rocket-powered aircraft were also under development in Germany during 
the war, and they were not the only nation doing so. Russia developed the BI rocket inter- 
ceptor, various prototypes of which flew before the victory over Germany rendered the 
plane obsolete. Japan tried to develop its own versions of the Me 163 to counter the high- 
flying U.S. B-29 Superfortress bombers, but did not manage to get them operational before 
being forced to surrender. 

The Allies did not see a clear need for such a radical interceptor and focused instead on 
the mass production of conventional aircraft. Indeed, the rocket fighter plane was gener- 
ally found only to be useful as a so-called point interceptor; it would be stationed near a 
valuable target that needed defending, quickly shooting up for a short attack on incoming 
high-altitude bombers, then gliding back for landing. 

Using rocket propulsion means a plane has to carry both fuel and oxidizer, whereas 
piston- and jet-powered aircraft can take their oxygen from the air. The Me 163 could only 
carry sufficient propellant for some 7.5 minutes of powered flight, and other rocket plane 
interceptor concepts suffered from similar flight duration limitations. This observation had 
already been correctly deduced in September 1928, in the magazine Scientific American: 
“On the whole we are inclined to think that the rocket as applied to the airplane might be 
a means of securing stupendous speeds for a short interval of time, rather than a method of 
very speedy sustained flight." 

The experimental wartime rocket engines also proved to be very unreliable. Additionally, 
in the case of the Me 163, its radically innovative shape, the aerodynamic problems asso- 
ciated with transonic flight speeds, and the unstable propellant led to many problems and 
frequent, often fatal, accidents. Famous British test pilot Eric Brown, the only one to fly 
the Me 163 under power after the war, later commented: “I was struck by how small it 
was, and yet how elegant it looked, and at the same time how very lethal. Lethal not only 
to the enemy, but to those who flew it." 


48 Reusable launchers 


The Me 163B of the National Museum of the United States Air Force. [USAF] 


After the war, several nations tried to combine the rocket engine’s benefits of instant 
high power and superior high-altitude performance with the jet engine’s much more eco- 
nomical propellant consumption and therefore superior flight time and range. Efforts 
resulted in several planes that combined jet and rocket engines, with the jets used for 
standard take-off, climb, cruise flight and landing, and the rocket engines only for short- 
duration, high-speed, high-altitude intercepts. Various prototypes were flown, including 
the Russian MiG-19S, the American XF-91 Thunderceptor, the French Trident and the 
British SR.53. However, the inherent complexity, the combined disadvantages of both 
types of propulsion, and the steady progress in the development of jet aircraft and anti- 
aircraft missiles quickly rendered the mixed-power fighter concept obsolete. Only the 
French Mirage-IIIC, -E and -S jet/rocket fighters saw operational service, and even these 
flew most of the time as conventional jet fighters without their add-on rocket power packs. 


PUSHING THE ENVELOPE 


With the coming of the jet age and the increasing speeds and altitudes at which aircraft 
needed to operate, there was suddenly an urgent need for data on transonic and super- 
sonic aerodynamics, as well as on high-altitude flight. Of particular interest was the 
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critical transonic region of Mach 0.75 to 1.25 (Mach 1 being the speed of sound), 
where the airflow along the wings and fuselage would become unstable and problems 
would evolve rapidly. At transonic speeds, aerodynamic drag rises quickly due to the 
build-up of shock waves over the wings (where the airflow reaches the speed of sound 
while the plane itself still flies below Mach 1), and also because the air behind these 
shock waves often separates from the wing surface and creates a turbulent wake. At 
supersonic velocities, this drag quickly diminishes, but the poorly understood shock 
wave formation around Mach | caused planes to go out of control and seem to hit a 
wall of air. This so-called “Sound Barrier” had to be broken if aerospace technology 
was to progress. 

The wind tunnels of the 1940s and 1950s were inadequate for studying transonic phe- 
nomena because the shock waves tended to reverberate and reflect off the tunnel walls, 
causing significant unwanted interference in the measurements. It was found that tran- 
sonic wind tunnel data also correlated poorly to the real world, in which aircraft flew in the 
open air rather than in an enclosed tunnel. What was needed were specialized and heavily 
instrumented aircraft; in effect, flying laboratories. 

Rocket engines proved to be very appropriate for propelling such aircraft up to extreme 
speeds and altitudes, since endurance was not of great significance in this research. Rocket 
engines were light and relatively simple compared to jet engines of similar thrust, and the 
lack of air intakes made it much easier to design clean airframes suitable for supersonic 
flight. Intakes cause shock wave formation, as the airflow into a turbojet engine needs to 
be slowed down to subsonic speed. 

The development of specialized rocket aircraft purely to reach extreme speeds and 
altitudes went in parallel with that of the rocket/mixed-power interceptor. However, 
while the interceptors needed only to go as high as the maximum altitude that enemy 
bombers could achieve, there were no limits for the experimental aircraft. They were 
created to provide information on entirely new areas of aerodynamics and aircraft 
design, and their designers and pilots kept on coaxing ever more impressive perfor- 
mance from them. From the 1940s through to the late 1960s, the rocket-propelled 
X-planes in the U.S. achieved velocities and altitudes unrivalled by contemporary jet 
aircraft, with some of their pilots gaining ‘astronaut wings’ by exceeding altitudes of 
50 miles (80.6 km). 

In October 1947, test pilot Chuck Yeager managed to get the little Bell X-1 rocket 
plane to fly faster than Mach 1, breaking the “Sound Barrier” (or rather, discovering 
that there was no such barrier). In 1953, Scott Crossfield became the first to exceed 
Mach 2 in the Douglas D-558-2 Skyrocket. Three years later, Milburn ‘Mel’ Apt pushed 
the Bell X-2 to the next magic number of Mach 3. Shortly before Apt’s flight, Iven 
Kincheloe became the first pilot ever to climb above 100,000 feet, as he flew the X-2 to 
a peak altitude of 126,200 feet (38.5 km). These research aircraft depended on large 
carrier planes (converted bombers) to take them up to altitude to make the most out of 
their limited propellant supply, and could therefore be considered as multi-stage, 
mixed-power flight systems. 
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The original Bell X-1, on display in the Boeing Milestones of Flight Hall in Washington D.C. 
[Eric Long / Smithsonian's National Air and Space Museum] 


Only a quarter of a century separated the first rocket-propelled gliders and the Bell 
rocket research aircraft, but in that time both the performance and the complexity of the 
aircraft had increased enormously. While the Opel RAK-1 had required only a few simple 
readiness checks shortly before it was launched, the Bell X-1A pilot had a checklist of 197 
points to tick off prior to flight. Even more advanced was the incredible North American 
X-15, which by the early 1960s was boosting its test pilots up to altitudes over 80 km and 
speeds over Mach 6. The X-15 attained its maximum altitude of 108 km in 1963, and its 
maximum speed of 7,297 km/h in 1967. 

Looking at the exponential growth of the maximum velocity and altitude achieved by 
aircraft in the relatively short space of time since the Wright Brothers, it is understandable 
that many people in the 1960s expected these trends to continue into the 1970s and beyond. 
Aircraft were predicted to reach orbital altitudes and velocities and become spaceplanes. 
Orbital rocket planes with airliner-like characteristics were generally expected to render 
single-shot expendable rockets obsolete, and to lead to cost reductions of several orders of 
magnitude. Ideally, a reusable spaceplane would only incur costs for propellant, mainte- 
nance and flight operations, as opposed to having to construct a completely new conven- 
tional rocket every time you wanted to launch one. 

The costs of the support infrastructure would also be drastically reduced. Instead of a 
large and complicated launch facility, with a launch platform that required the vehicle to 
be hauled upright, the spaceplane would only need an airport. Instead of having stages 
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dropping off when their tanks run empty, to reduce the mass of the launcher so that it can 
accelerate up to orbital speed, a spaceplane would be able to fly into orbit in one piece. 
Even if that were not possible for weight reasons, in other words, when that would render 
the vehicle too heavy to reach orbit, its drop stage(s) should also be able to return to Earth 
intact and be reused on subsequent flights. 


The North American X-15A-2, from the National Museum of the United States Air Force. 
[USAF] 


SHUTTLES AND OTHER REUSABLE LAUNCHERS 


Even before the X-15 took to the air, the U.S. Air Force, the National Advisory Committee 
for Aeronautics (NACA, the forerunner of NASA) and North American Aviation were 
making plans for an orbital version. This version, the X-15B, would be launched using a 
multi-stage rocket derived from the launch booster of the SM-64 Navaho missile, a project 
that had just been cancelled and had left North American with a warehouse full of rocket 
boosters. But the X-15B was itself cancelled when Project Mercury was approved, a much 
simpler capsule concept that promised early results in the developing Space Race with the 
Soviets. Shortly afterwards, the national goal of being first to land a man on the Moon gave 
rise to the Gemini and Apollo capsule-style spacecraft. 

The Air Force, however, which regarded a capsule as merely a step on the way to more 
routine access to space, saw the benefits of a reusable shuttle-type vehicle for manned mis- 
sions. During the 1950s, Wernher von Braun had proposed a reusable canard space glider 
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with a 47-meter wingspan, to be launched atop a rocket using two expendable stages. This 
was explained in Collier’s magazine in 1952, in one of a series of articles on future space- 
flight that von Braun and others wrote in the early 1950s. Collier’s printed four million 
copies per issue, so these articles did much to spur enthusiasm for spaceflight in the 
U.S. The articles were enlivened by beautifully detailed illustrations by leading space art- 
ists, including Chesley Bonestell, which effectively dramatized von Braun’s manned 
spaceflight development blueprint for the general public. 

Further publicity soon followed, when von Braun presented a hugely popular three-part 
Disney television show on the future of space travel, which also featured his designs. At 
one point, von Braun presented his updated winged spacecraft design: *Now here is my 
design for a four-stage orbital rocket ship. First, we would design and build the fourth 
stage and then tow it into the air to test it as a glider. This is the section that must ultimately 
return the men to the Earth safely.” 

His Ferry Rocket was basically an upper rocket stage with multiple engines and long, 
slightly swept-back wings, each with an elongated vertical stabilizer mid-way. Large hori- 
zontal stabilizers were also fitted to the nose, resulting in a canard design. The launcher’s 
first stage had huge fins as well, not for flight but for counteracting the imbalance caused 
by the rocket glider’s wings on top of the rocket. Without them, a slight wind during take- 
off, or buffeting while ascending through the atmosphere, would have easily blown the 
whole assembly off course. 

By 1959, the Air Force was promoting a new program as the means of performing mili- 
tary manned space missions. Like von Braun’s concept, their X-20 Dyna-Soar (its name 
was a contraction of “Dynamic Soaring’) would not be a real rocket plane, but a reusable 
space glider bolted to the nose of a conventional launch rocket. It would only use its wings 
during the unpowered descent back through the atmosphere and would make a controlled 
landing near its launch site. There, it would be quickly readied for its next launch on a new 
expendable rocket. In its operational form, the X-20 would be able to perform all kinds of 
missions and would even be able to carry payload into orbit because it would have a cargo 
bay. Essentially, it was a small, early version of the Space Shuttle. 

In contrast, NASA's Mercury and subsequent Gemini and Apollo spacecraft were com- 
pletely single-use. Very little of what was launched would come back, and with their abla- 
tive heat shields that burned away during re-entry, even the capsules would not be readily 
reusable. They also had very little means of maneuvering once they started their ballistic 
fall back to Earth, and could at best be expected to land within a radius of several kilome- 
ters of a specific point. Because of the uncertainty of their landing location, as well as to 
ensure a soft landing, they had to come down in the ocean, which meant a fleet of search 
and recovery ships was required to recover them. 

The X-20 pilot, on the other hand, would fly his craft back to its airbase, making the 
return much more economical. Of course, a controllable, winged machine was also much 
more appealing to the Air Force than a “spam-in-a-can” capsule using parachutes. It facili- 
tated a dignified landing on a runway, rather than an inglorious splash into the ocean. 

The Air Force forecast numerous versions and missions for the X-20, involving pay- 
loads for gathering aerodynamic flight data, satellite inspection, electronic and photo- 
graphic intelligence, and even dropping nuclear bombs with greater precision than was 
possible using a ballistic missile. The X-20 was to be a research aircraft, spy plane, orbital 
bomber and transportation shuttle all in one. 
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In June 1959, Boeing was awarded the development contract for the program’s 5,200 kg 
delta-winged vehicle with large vertical winglets. The X-20 would be controlled by a 
single pilot. Behind him would be an equipment bay that could contain either data collec- 
tion equipment, reconnaissance equipment, weapons, or seats for up to another four astro- 
nauts. The X-20 would be connected to a small rocket stage, called the Transition Stage, 
that would enable the aircraft to separate from the Titan III booster during launch in case 
of an abort or, once in space, to change its orbit. The launcher itself would be fitted with 
exceptionally large stabilizing fins to compensate for the disturbances caused by the 
X-20’s own wings on top of the assembly during ascent through the atmosphere. 

At the end of a mission, the Transition Stage would fire its main rocket engines against 
the velocity vector so that the X-20 would fall back to Earth. It would then be jettisoned 
and the aircraft would descend through the atmosphere, using aerodynamic drag to reduce 
velocity further (aerobraking). In April 1960, seven astronauts were secretly chosen to fly 
the X-20, among them future X-15 pilots Neil Armstrong, Bill Dana, Pete Knight and Milt 
Thompson. 


Artistic impression from 1962 of the X-20 re-entering the atmosphere after an orbital mission. 
[Boeing] 


By the early 1960s, however, it was already becoming apparent that many of the mis- 
sions foreseen for the X-20 could be performed earlier and more cheaply by unmanned 
spacecraft or manned capsules. The high cost and questionable military usefulness led to 
the cancellation of the Dyna-Soar program in December 1963. 
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At around the same time as the X-20, there were many other conceptual designs for 
orbital rocket planes and shuttle-type vehicles. Martin offered the very ambitious 
Astroplane, a horizontal-take-off, horizontal-landing, single-stage spaceplane, pow- 
ered by “nuclear magnetohydrodynamic engines” and sounding like something straight 
out of ‘Star Trek’. This intriguing propulsion system would extract nitrogen from the 
atmosphere, rapidly cool it, then accelerate the resulting liquid using powerful electro- 
magnetic forces generated by an onboard nuclear reactor. The vehicle had a long, slim 
shape that would have been perfect for low drag at high velocity, but unsuitable for 
horizontal runway landings at more modest speeds. The designers therefore envisaged 
deployable wings that would be extended at low speeds to provide additional lift. These 
bat-like airfoils would be composed of rigid ribs with a flexible membrane stretched 
between them. Quite what would have happened if a wing had failed to deploy properly 
and this flying radiation hazard fell out of the sky was probably something that didn’t 
bear thinking about. 

In general, however, it was understood that without resorting to exotic, far-fetched 
propulsion systems, a reusable launcher would have to be a multi-stage vehicle. For con- 
ventional multi-stage, expendable launchers, the useful payload that can be placed into 
orbit typically represents only 3 percent of the total weight of the rocket that leaves the 
pad, and around 18 percent in terms of hardware (i.e. without propellant). A single-stage 
vehicle cannot shed the weight of empty tanks and depleted rocket engines on the way up, 
so its payload capability is inevitably much less than that of a multi-stage launcher. The 
wings, heat shields and control systems that are required to enable a single-stage vehicle 
to return to Earth can all too easily reduce its payload to zero, or even to negative values, 
implying that the vehicle will not even be able to reach orbit. To compensate, Single- 
Stage-To-Orbit (SSTO) vehicles must carry more propellant per unit of hardware, which 
leads to larger vehicles. All this makes the development of a single-stage spaceplane with 
a reasonable payload extremely challenging, expensive and risky, and certainly beyond 
the technology of the 1960s and 1970s. 

Martin therefore also developed an alternative, multi-stage concept called the 
Astrorocket. This consisted of two vertically-launched, winged rocket stages mated belly 
to belly. The task of the larger vehicle was to get its smaller brother to high altitude and 
high speed, then release it and glide back to Earth while the second stage continued into 
orbit. The orbital vehicle would later make a gliding return to be reunited with the first 
stage and prepared for another mission. Other companies came up with similar ideas, 
some of them launched vertically, and some taking off horizontally with the help of an 
accelerated sled. 

In the mid-1960s, NASA and the Air Force became interested in developing a 
vehicle derived from a hypersonic booster aircraft powered by combined turbofan- 
ramjet-scramjet engines. These engines would run as regular turbojets at subsonic 
and low supersonic speeds, and as ramjets at supersonic velocities where the air- 
stream could still be slowed down to subsonic speeds. At hypersonic flying veloci- 
ties, the airflow through the engine would be supersonic and so the engines would go 
into scramjet mode. 
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The British Aircraft Corporation’s MUSTARD (Multi-Unit Space Transport and Recovery 
Device) 1968 concept was a reusable shuttle launch vehicle consisting of three separate delta- 
winged sections. [BAE Systems] 


A scramjet (supersonic combustion ramjet) is a ramjet in which the combustion takes 
place in a supersonic airflow, so that the air coming into the engine does not need to be 
slowed down to subsonic speeds (as is required for ramjets). The major benefit is that the 
incoming air does not lose useful energy due to deceleration, energy that would otherwise 
have been converted into heat and would require the engine to be actively cooled. The 
combined engine system NASA envisaged represented an enormous technological chal- 
lenge. At the time, the only existing hybrid jet engine was the J58 of the SR-71 Blackbird, 
whose turbojet and ramjet modes enabled the aircraft to reach about Mach 3.2. The hyper- 
sonic stage of the new vehicle would be required to fly much faster and its engine would 
be considerably more complicated. 

The European Space Transporter, which originated as the Nord Aviation Mistral and 
was studied by French and West German aerospace companies, was a similar idea. It 
looked like a giant, airbreathing fighter, with enormous ramjet intakes and a rocket- 
propelled lifting-body shuttle strapped onto its belly. Dassault's Aerospace Transporter 
was also based on essentially the same idea, involving an orbital ‘space taxi’ shuttle 
carried under a turboramjet Mach 4 aircraft that resembled the Concorde. Dropping a 
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rocket vehicle, rather than launching it from the back of a carrier aircraft (as envisaged 
for the X-15A-3), reduces the risk of the shuttle striking its carrier plane, but the down- 
side is that a longer and more complex undercarriage is required on the carrier in order 
to give the shuttle enough clearance above the ground during take-off and aborted land- 
ings of the aircraft combination. 

The primary mission of all these reusable spaceplane concepts dreamed up in the 
1960s was to transport crews to a large Earth-orbiting space station. However, other 
missions, such as launching, inspecting, repairing and retrieving satellites, were also 
envisaged. The reusability was expected to translate into very low operating costs. For 
instance, Lockheed claimed that their Starclipper would have a turn-around time (the 
time necessary to prepare the vehicle for its next mission) of only 24 hours and would 
reduce the costs of launching cargo into space to less than $100 per kg in 2016 terms. 
In fact, launching satellites into low Earth orbit currently still costs $10,000 per kg for 
expendable launchers (and remained more than double this for the Space Shuttle by the 
time it retired). 

By mid-1969, NASA was planning an extremely ambitious, and financially rather unre- 
alistic, manned space exploration program as the follow up to Apollo. Their wish list 
included space stations, interplanetary ‘space tugs’ and, eventually, bases on the Moon and 
Mars. Naturally all this infrastructure would require an efficient, dependable and inexpen- 
sive means of transportation in the form of a space shuttle. In January 1969, NASA had 
awarded four Phase-A study contracts to McDonnell-Douglas, North American Rockwell, 
Lockheed and General Dynamics to begin the development of the shuttle launch system. 
Martin Marietta, whose bid had been rejected, decided to participate using its own funds 
in order not to be left out of what promised to be a very lucrative project. NASA's require- 
ments called for a vehicle able to launch 12 people, as well as some 11,300 kg of supplies, 
to a space station in low Earth orbit. The requirements became even more demanding and 
complex when it was decided that the vehicle must also be capable of launching satellites 
and interplanetary probes. Then the Air Force, who were keen to make use of the new 
program, demanded that the stated payload capacity be doubled in order to accommodate 
their proposed hardware. 

NASA had by then decided that the shuttle was going to be a fully reusable VTHL 
Two-Stage-To-Orbit (TSTO) vehicle, since that was expected to be the best compro- 
mise between the needs of low costs per flight, high payload capability, good opera- 
bility and mission flexibility, and the technology and development budget and 
timeline constraints. In an article optimistically titled ‘The Spaceplane That Can Put 
YOU in Orbit’, in the July 1970 issue of Popular Science, Wernher von Braun (at the 
time, NASA's Deputy Associate Administrator) commented on the decision: “It 
would be ideal, of course, if we could build a single-stage-to-orbit shuttle, which, 
without shedding any boost rockets or tanks, could fly directly up to orbit and return 
in one piece to the take-off site for another flight. Although we may well know how 
to build such a vehicle someday, most studies unfortunately show that with the pres- 
ent state of propulsion and structural technology, this objective would be just a shade 
too ambitious." 
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Concept for a fully reusable shuttle system, with a winged fly-back rocket booster. [NASA] 


Out of the 120 different concepts studied, five emerged as the most promising. By that 
point, however, NASA’s original grand plan involving large space stations, lunar bases and 
manned missions to Mars had evaporated, leaving the Space Shuttle as “a project search- 
ing for a mission,” as critics in the U.S. Congress derided it. NASA and the Air Force then 
began to focus on the Shuttle as a stand-alone project, as a low-cost ‘space truck” for 
launching, repairing and retrieving satellites, and for flying all kinds of onboard experi- 
ments. Based on what we now know to have been wildly optimistic assumptions, NASA’s 
plan was for a total of 445 flights during the 10-year period 1979 through 1988 (the Space 
Shuttle as we know it actually flew only 135 missions during its 30-year lifetime). 

In May 1971, it also became clear that the government was not going to allocate suffi- 
cient funding to enable NASA to develop a fully reusable Space Shuttle system, and the 
manned, winged fly-back booster options were therefore discarded by the end of the year. 
By mid-1972, NASA had finally decided on the general concept for the Space Shuttle, as 
a reusable, winged orbiter with a single expendable propellant tank and two huge solid 
propellant rocket boosters that would be retrieved by parachute and refurbished for reuse. 

In hindsight, the chosen Space Shuttle design was an awkward compromise between 
mission requirements, technology, costs, schedule, the need for the project to provide 
jobs all across the U.S., and the political wish for something ambitious to reassert the 
nation’s technological leadership. Nevertheless, NASA still believed that its partial reus- 
ability and great payload capabilities would revolutionize spaceflight. Access to space 
would be relatively cheap, opening Earth orbit and beyond for all manner of exciting 
scientific, industrial and even commercial activities. 
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This artistic impression from the early 1970s shows how simple and aircraft-like the flight 
preparations for a Space Shuttle were envisioned to be. [NASA] 


As an indication of the confidence of the time, the previously mentioned 1980 Dutch 
television program, ‘TROS Aktua special: de Space Shuttle”, made a number of optimistic 
claims for the soon-to-be-operational Shuttle, based on information provided by an enthu- 
siastic NASA. The presenter called the Shuttle a new, revolutionary chapter in spaceflight 
and announced that it would be flying almost every week, introducing a regular shipping 
service to orbit. Because the Shuttle would enable on-orbit repairs on a routine basis, even 
inside the Shuttle’s cargo bay that would be “pumped full of air to create a shirt sleeve 
working environment,” satellites would be able to incorporate cheaper, less reliable equip- 
ment than the space-qualified hardware used up till then. They could also be simpler, 
because astronauts would unfold solar arrays, antenna masts and so on; tasks that had 
previously had to be done automatically. Furthermore, the Shuttle would take care of accu- 
rate orbital placement, reducing the complexity required for a satellite’s propulsion and 
orbit control subsystems. Spacecraft would regularly be picked up and returned to Earth 
for upgrades, then put into orbit again. In short, the days of the expendable rocket and one- 
shot satellites were over (again). 

During its 30-year life, the Space Shuttle performed an amazing array of missions, 
including a few satellite launches, retrievals and in-orbit repairs, but it never fulfilled its 
promise of regular, safe, economic flights into space. Instead of weekly launches, NASA 
managed to fly an average of less than five missions per annum. Two of the Shuttle’s 135 
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flights ended in disaster, an accident rate of | in 68, which is rather dismal compared to the 
fewer than two crashes per million flights for commercial airliners in the U.S. Instead of 
costing around $40 million per flight as predicted in 1975 (equivalent to about $165 mil- 
lion in 2016), the actual costs were closer to $500 million per launch. When the develop- 
ment and production costs for the five Orbiters are also taken into account, the actual 
average cost per flight was well over $1 billion. 


The Payload Bay of one of NASA's Space Shuttles being refurbished. The number of techni- 
cians in clean room clothing stands in stark contrast to the optimistic view of the previous 
picture. [NASA] 


Interestingly, the Dutch TV program's predictions for intensive use of satellites for 
Earth observation and telecommunication did come true, but not because this would be 
specifically enabled by the Space Shuttle. Even though modern operational satellites do 
not use ‘cheap parts’ and their launch remains expensive, they have simply become so vital 
to our everyday lives that they have nevertheless rapidly proliferated since 1980. 

There are several reasons why the Space Shuttle cost far more to operate and took much 
longer to turn around than expected. One important reason is the maintenance each Orbiter 
required after a mission. For a start, they had 35,000 brittle thermal protection tiles, which 
had to be individually inspected after every flight and often needed to be replaced. 
Structural elements, instrumentation, and electrical wiring also all had to be thoroughly 
inspected after every flight, a task that is only done periodically for normal aircraft. Each 
Orbiter required a team of some 90 people, working more than 1,030 hours in total on 
maintenance and refurbishment after each mission, and costing close to $10 million per 
flight in 2016 prices. 
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That figure does not include the heavy maintenance work required on the three very 
complicated Space Shuttle Main Engines, which was done separately from the vehicle. 
Even though the engines only operated for eight minutes per flight, they were nowhere 
near as reliable as airliner jet engines, suffering more rapid wear and requiring a lot of 
checking and maintenance after each mission. 

In addition, the two Solid Rocket Boosters, which landed in the ocean by parachute and 
were retrieved by specialized ships, had to be completely disassembled, cleaned and 
repaired before they could be reassembled and filled with solid propellant for reuse. Most 
of the things that are discarded on a conventional rocket had to be retrieved, refurbished 
and then put together again for the Shuttle. The only expendable part of the whole assem- 
bly was the large External Tank, which was jettisoned once the Shuttle had almost reached 
orbit and left to burn up upon falling back into the atmosphere. This, of course, meant that 
a new one was needed for each flight. 


Installation of a Space Shuttle Main Engine on the Orbiter Discovery at Orbiter Processing 
Facility-3, after inspection and maintenance in the nearby Space Shuttle Main Engine 
Processing Facility. [NASA/Jack Pfaller] 


The Space Shuttle taught us that to truly lower the price of transporting people and 
cargo into space, we require a fully reusable launcher that is easy to maintain. Ideally, it 
would be a single integrated vehicle, without expendable tanks or boosters that would 
require retrieval and refurbishment, and it should return to its launch site to preclude com- 
plicated and expensive transportation. Instead of thousands of fragile heat resistant tiles, a 
limited number of readily replaceable metallic shingles ought to be employed, while the 
propellants should be non-toxic, safe and relatively easy to handle, to avoid complicated 
tanking and propulsion system maintenance procedures. 


Shuttles and other reusable launchers 61 


Future reusable rocket planes may carry computers and sensors that constantly check 
the health of all subsystems and components in flight, both to warn the crew and flight 
operators of any problems during a mission, and to make it easier for the turn-around team 
to determine when and what kind of maintenance is required. 

The reusable rocket engines should be built to last longer than the Space Shuttle Main 
Engines, require less maintenance, and be easier to repair. The RS-25 engines of the Space 
Shuttle could only be operated for about 10 minutes before major maintenance, which 
involved time-consuming tasks and the replacement of a lot of equipment. In contrast, the 
jet engines used in modern airliners can operate for months of accumulated flight time, 
with only very limited checking and maintenance required. Ideally, a future spaceplane 
would have some kind of combined rocket/jet engine, capable of using oxygen from the 
atmosphere while flying at relatively low altitudes. This would mean less onboard propel- 
lant, smaller tanks, and therefore a smaller, lighter vehicle. However, such engines tend to 
be complex, which potentially makes them hard to maintain. 

Work on a successor to the Space Shuttle has not been very successful. During the 
1990s, NASA and prime contractor Orbital Sciences worked on the X-34, an unpiloted, 
experimental rocket plane powered by an inexpensive, non-reusable ‘Fastrac’ engine run- 
ning on RP-1 kerosene and liquid oxygen. The X-34 was to test reusable launch vehicle 
technology. Like the X-15, it would have been dropped from a carrier airplane, but would 
have been able to reach Mach 8. NASA cancelled it in 2001, after Orbital Sciences refused 
to incorporate significant design changes without additional funding. 


The X-34 Technology Testbed Demonstrator, just after delivery to NASA’s Dryden Flight 
Research Center. It was to have demonstrated key technologies for future reusable launch 
vehicles, but never flew. [NASA/Tony Landis] 
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The most ambitious reusable launcher test project, NASA’s X-33 developed by 
Lockheed Martin, involved a suborbital, single-stage, unpiloted VTHL vehicle with a 
wedge-shaped lifting-body. It was designed to lift off vertically without making use of the 
lift generated by its shape, fly at Mach 15 and then land horizontally like an airplane. It 
was to be powered by a ‘linear aerospike’ engine, consisting of a series of small rocket 
motors along the outside edge of a wedge-shaped protrusion. 

The aerospike is essentially an inside-out bell-shaped rocket nozzle in which the 
*unwrapped' bell (or ramp) serves as the inner wall of a virtual nozzle, along which the 
expanding hot gas flow produces thrust. The other side of the nozzle is effectively formed 
by the outside air. The advantage of this is that the expansion of the rocket exhaust auto- 
matically adjusts itself to the ambient pressure of the atmosphere, preventing thrust losses 
due to under expansion or over expansion. While a conventional rocket nozzle can only be 
optimized for a single altitude, and hence only one point in a rocket's trajectory, an aero- 
spike engine runs efficiently at all altitudes, as well as in the vacuum of space. 

Sadly, the X-33 project was also scrubbed in 2001, owing to major problems with the 
development of this aerospike engine and with the complex, lightweight composite- 
material hydrogen tanks. The cost of the project exceeded its $1.2 billion budget limit even 
before any test flights could be made. The X-33 was to have led to the development by 
Lockheed Martin of an operational, single-stage reusable launch vehicle named Venture 
Star. However, it would probably have been very difficult to scale up the X-33 test vehicle 
without significant increase in its weight which, as explained earlier, is a frequent problem 
in the design of reusable single-stage launchers. 


Artistic impression from 1997 of the NASA/Lockheed Martin single-stage reusable launcher 
releasing a satellite into orbit. This Space Shuttle successor would have been based on tech- 
nology pioneered on the smaller-scale X-33. [NASA] 
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The NASA/McDonnell Douglas DC-X Delta Clipper was a small vehicle designed to 
demonstrate that a reusable rocket can take off vertically, hover, then land vertically back 
at the launch pad. The project team also wanted to show that such a vehicle could be 
quickly readied for re-launch with only a small crew after landing. The project was quite 
successful: the unpiloted vehicle made twelve test flights from 1993 to 1996, including 
two flights within 26 hours. Sadly, a landing leg failed to deploy on the last flight and the 
craft tumbled over. The oxygen tank exploded in the crash and the vehicle was destroyed. 


The NASA/McDonnell Douglas DC-X Delta Clipper. [McDonnell Douglas] 


Currently, SpaceX is reintroducing the concept of the reusable rocket stage, with sev- 
eral experimental Falcon 9 first stages successfully landed on terrain and ocean barges (at 
the time of writing) after operational satellite launch missions. In the near future, the com- 
pany will actually integrate a previously used first stage on an operational mission and 
thereby introduce stage reuse as part of the standard Falcon 9 mission profile. The Falcon 
stages fly themselves back under rocket engine power and land using aerodynamically 
stabilizing grid fins and deployable legs, with no wings or parachutes involved. It is a far 
simpler and easier to refurbish system than for the many previous retrievable-stage con- 
cepts, such as the Space Shuttle Solid Rocket Booster that parachuted down in the ocean 
and suffered from salt water corrosion and impact damage, or the Russian Angara Baikal 
fly-back booster with deployable wings and nose mounted jet engines. 
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A Falcon 9 reusable first stage successfully landing on a robotic ship for the first time, in April 
2016. [SpaceX] 


Angara Baikal, a concept from the early 2000s for a reusable first stage that would be able to 
fly back and land like an airplane. [Khrunichev State Research and Production Space Center] 
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TRUE SPACEPLANES 


The basic, modern rocket spaceplane concept was born in the 1930s. The ‘Silbervogel’ 
(German for Silver Bird) was the brainchild of Austrian-German aerospace engineer 
Eugen Sanger, and it involved a hypersonic rocket aircraft launched by a rail with the 
assistance of a rocket sled. It was conceived to be capable of flying almost around the 
globe, by using a suborbital trajectory in which it repeatedly bounced off the upper layers 
of the atmosphere, like a flat stone skipping over the surface of a pond. 

Sanger first published the idea in his 1933 book Raketenflugtechnik (Rocket Flight 
Technology). His initial rocket plane design involved an aircraft shaped like an elongated 
bullet, with large but thin double-wedged wings (like those of the X-2 subsequently built 
in the U.S.), a single small tail fin and two small horizontal stabilizers. Together with 
Austrian-German mathematician and physicist Irene Bredt, whom he would marry in 
1951, Sanger further iterated the design during the 1930s and early 1940s. Initially, they 
intended their plane to transport passengers at hypersonic speeds all over the globe, but he 
also tried to pitch the idea to the Austrian military in 1933 as an intercontinental bomber. 
In an age where transonic jet airliners were still science fiction, the proposal was bound to 
be rejected, although the officially stated reason for doing so was the risk of explosion 
inherent to rocket engines. 

The German Luftwaffe, however, did see value in a ‘Raketenbomber’ (Rocket Bomber), 
as well as the basic rocket engine development and testing Sánger was already conducting 
at the University of Vienna. Not wanting to be outdone by the Wehrmacht (Army) and its 
rocket development program by Wernher von Braun's team, the Luftwaffe invited Sanger 
to establish a secret rocket propulsion research institute in Trauen, Germany, in 1936. Like 
von Braun, Sánger funded his work via the military, as this was the only source available 
in Germany during the war. Under his leadership, the Trauen site quickly became an 
impressive laboratory, with a wind tunnel, a rail launch track test rig, and a large rocket 
engine test stand. 

For the engine of the Silbervogel, Sánger proposed using a water loop to cool the mas- 
sive nozzle and combustion chamber, because the propellants he intended to use (fuel oil 
and liquid oxygen) were poor coolants. The water would be turned into superheated 
steam by the high temperatures in the engine and then be fed into a turbine to run the 
propellant pumps and the water coolant pump. From the turbine, the water would be 
condensed and pumped back into the cooling loop. But having three types of liquids 
(fuel, oxidizer and coolant) and all the associated pipes, valves and tanks made it a rela- 
tively complicated engine. 

Although the Nazi government was interested in the Silbervogel as a possible 
"Amerika Bomber," for which a number of more traditional aircraft designs were also 
developed, it was clear that the concept was much too advanced for the technologies 
available in the 1940s and that the bomber would never be ready in time to affect the 
war. Even Sanger himself predicted that it would take at least 20 years to make his 
machine operationally useful. 
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Illustration of the Silbervogel from the translated version of the original 1944 report. 


In 1944, Sanger and Bredt summarized all their design and experiment work in a secret 
report titled Uber einen Raketenantrieb fiir Fernbomber, subsequently translated and pub- 
lished in the U.S. as A Rocket Drive for Long Range Bombers. The concept they finally 
arrived at was a 100,000-kg rocket plane that would be 28 meters long and with a wing- 
span of 15 meters, equipped with a 1,000,000 Newton rocket engine. It featured a pressur- 
ized cockpit for a single pilot near the nose, a central bomb bay, the main rocket engine, 
and two smaller auxiliary engines in the tail. The rest of the fuselage would mostly consist 
of two parallel rows of tanks containing a total of 90,000 kg of liquid oxygen and fuel oil. 
Two short, wedge-shaped wings with swept-back leading edges and a horizontal tailplane 
that had a small fin on each tip gave the Silbervogel a conventional-looking rocket plane 
shape. However, the design incorporated the innovative idea of having the fuselage itself 
generate lift through its ‘flat iron’ shape, hence acting as a partial lifting body. 

A powerful, multi-engine 6,000,000 Newton thrust rocket sled would be used to help 
the Silbervogel take off from a 3-kilometer rail track. The sled’s rocket engines would not 
need to be very efficient, since they would only operate for a brief time and would not 
leave the track with the plane. The starting speed given by the innovative rail launch sys- 
tem allowed a smaller, lighter spaceplane, requiring a less powerful engine and smaller 
wings in comparison to a similar vehicle that had to take off on its own. The rail system 
also meant that the Silbervogel would only need a light undercarriage for its glide landing 
with empty tanks, thereby further reducing its weight. Furthermore, the rail sled would 
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make detailed knowledge of transonic flight behavior unnecessary, as it would push the 
plane through this — at the time, poorly understood — region of aerodynamics while it was 
still firmly connected to the track. 

The rail launch system would limit the possible launch azimuths, but Sänger suggested 
that it could be used with either end as the starting point. As Germany’s enemies were 
primarily to the west (the U.S.) and the east (the USSR), a single launch track aligned east- 
west would probably have been adequate. The spaceplane would have been able to alter 
its flight direction after leaving the track, but the larger the maneuver, the costlier it would 
be in terms of energy and thus range. The aircraft, the rocket sled, the track and the other 
infrastructure on the ground would all be reusable. 

At the end of its powered run, the aircraft would have consumed almost all of its pro- 
pellant, comprising 90 percent of its take-off weight. Under the constant thrust of its rocket 
engine, it would have then reached its maximum acceleration of 10 g, which is about the 
limit a trained pilot can handle. The speed ultimately attained would still be some 6,000 km 
per hour short of that required to enter orbit, so after reaching its highest altitude the 
Silbervogel would gradually descend into the stratosphere. However, at an altitude of 40 
km, the increasing air density would generate enough lift to cause the plane to ‘bounce’ 
back up to about 125 km altitude. 

Part airplane, part satellite, the Silbervogel would repeat this profile a number of times, 
with each successive bounce getting shallower and covering less distance horizontally, 
thanks to the continuous loss of speed resulting from the aerodynamic drag. The aircraft 
would heat up each time it hit the atmosphere but would have time to cool down by radiat- 
ing the heat away during each hop back into space. 

Sünger's baseline hypersonic bomber, equipped with a rocket engine capable of a spe- 
cific impulse of 300 seconds, would have dropped a relatively small 300 kg bomb on 
New York, then continued its unpowered hop-flight over the continent to land in Japanese- 
held territory in the Pacific. While the destruction caused by such a small, poorly aimed 
bomb would have been very limited, the psychological, and hence political impact of any 
German bomb dropped on U.S. soil could have been substantial. With a more efficient 
engine and/or closer targets, the bomb load could have been increased to several metric 
tons. After landing like a glider, the aircraft would be re-launched back to Germany, drop- 
ping another bomb on the way. From point to point, its range would be a spectacular 
19,000 to 24,000 km. Sanger proposed that it would be possible to stretch this distance 
even further and facilitate a landing back at the launch site if the efficiency of the rocket 
engine could be increased. 

A post-war analysis of the aerothermodynamics of the Silbervogel discovered that 
Sünger and Bredt had made an error in their heat load calculations. During the first re- 
entry into the atmosphere, the structure of the spaceplane would have become much hotter 
than they predicted and consequently would have needed additional protection in the form 
of heat shield material. This would have made the vehicle much heavier than the original 
design, and left even less capacity in terms of weight to carry people or bombs. 

Soviet leader Josef Stalin became fascinated by the Silbervogel concept, which had 
come to his attention through three captured copies of Sánger and Bredt's highly secret 
1944 report. Stalin saw it as a possible means of attacking the United States, because the 
advent of nuclear weapons meant that even the puny bomb load of Sánger's design could 
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now pack a very powerful punch. A Soviet design bureau, NII-1 NKAP, was established 
in 1946 specifically to work on a Soviet version of the Silbervogel. By 1947, the bureau 
concluded that with the rocket engines and structures which either already existed or were 
likely to become available in the near future, some 95 percent of the initial weight of the 
spaceplane would have to be propellant, instead of Sänger and Bredt's more optimistic 90 
percent. To achieve the target of the German Silbervogel design would mean halving the 
total weight of the structure, tanks, engines, and other essential equipment. 

The Soviets decided that adding ramjets, able to draw oxygen from the atmosphere 
instead of from internal tanks, would make the design more feasible. The weight limitation 
of the vehicle without propellant (i.e. the dry weight limit) would improve from 5 to 22 
percent, while the lower maximum speed in comparison to the Silbervogel would still give 
the plane an intercontinental range of 12,000 km. After launching from a rocket sled track, 
the ramjets and single large rocket engine would push the vehicle to a speed of 18,000 km 
per hour and up into space, after which it would begin the series of atmospheric skips. It 
was estimated that developments in rocket and aircraft technologies would make it pos- 
sible to start serious development of the design in the mid-1950s. By then, however, the 
concept of the intercontinental ballistic missile, which was easier and cheaper to develop 
and did not require a distant landing site, had rendered this so-called ‘Keldysh Bomber’ 
(after the main designer) obsolete. 

Walter Dornberger, the former head of A4/V2 development in Germany, tried to inter- 
est the U.S. military in the concept (under the name Antipodal Bomber) when he joined 
Bell Aircraft in 1950. But the sheer technical complexity of the advanced materials, hyper- 
sonic aerothermodynamics and guidance accuracy, together with the doubtful military 
value of such an aircraft, meant that here, too, the project never materialized. 

Subsequently, the X-15 and Space Shuttle incorporated several important features that 
Sünger had not foreseen, and whose inclusion would further have increased both the 
weight and complexity of the Silbervogel. One of these was a reaction control system, to 
control the spaceplane outside the atmosphere and to orientate it correctly for re-entry. 
Another was the system of precise guidance control sensors and electronics. Although one 
X-15 pilot managed to fly a manual re-entry when his guidance control system failed, both 
the X-15 and the Shuttle required guidance computers for a safe re-entry that were not 
available in the early 1950s. Such assistance would certainly have been required for the 
complicated bounce trajectory of the Silbervogel. 

As a passenger transporter, the role Sanger originally intended for his rocket plane, the 
Silbervogel would have been much too complex and expensive because of its huge propel- 
lant consumption, its elaborate take-off and landing infrastructure, and its limited payload 
mass and volume that would have only been able to accommodate a few passengers. 

Sanger eventually continued his work in Germany, on the Junkers RT-8 spaceplane proj- 
ect. This developed into a reusable, 200,000 kg, two-stage vehicle, consisting of a delta-wing 
carrier rocket plane and a smaller delta-wing orbital spaceplane, launched with help of a 
steam-rocket sled. The orbital vehicle, called HORUS (Hypersonic ORbital Upper Stage), 
would separate from the carrier at an altitude of 60 km and proceed to a 300-km orbit, while 
the carrier plane would return to Earth. Having fulfilled its mission, HORUS would de-orbit 
and glide back to Earth very much like the Space Shuttle Orbiter. The Junkers RT-8 was 
designed to be able to place a payload of 3,000 kg into low Earth orbit. An improved version 
would later use a single-stage spaceplane with an integrated rocket-ramjet engine. 


True spaceplanes 69 


Model of the Junkers RT-8 spaceplane. [Junkers] 


Shortly before his death in 1964, Sanger wrote that he believed the U.S. and the 
USSR would soon direct their full technological capacity towards an ‘Aerospace 
Transporter’ similar to the RT-8, as soon as the Moon Race ended. He commented: 
“There is therefore at the moment a unique but only a short-lived opportunity for 
Europe, with its great intellectual and material resources, to become active in a sector 
of spaceflight in which the major space powers have not yet achieved an insuperable 
lead.” The Junkers spaceplane design evolved into the Sánger-I RT-8-02, designed to 
take off vertically without needing a launch sled and rail. Despite Sánger's predictions, 
however, it never left the drawing board. Junkers was unable to secure enough support 
from the government because the ambitious, expensive and economically risky project 
was deemed to be a step too far. 

Sünger and Bredt's ideas have nevertheless greatly influenced rocket plane design 
since the end of the Second World War. The idea for the Space Shuttle can be traced 
back (via Dyna-Soar and the Bell Antipodal Bomber) to their revolutionary design. In 
his 1963 book, which was published in English in 1965 as Space Flight; Countdown for 
the Future, Sánger cited all of the reasons why, in his opinion, "aerospace planes" held 
the future of spaceflight rather than expendable missiles. These included: lower costs 
per flight; the ability to flight-test each type of production vehicle; the possible use of 
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airfields in densely populated countries; easy self-transportation of the vehicle from the 
production plant to launch site; and the ability to use them for both orbital missions and 
long-distance flights. Today, these still remain the principal reasons for pursuing 
spaceplanes. 

By the mid-1980s, it had become clear that a spaceplane based only on rocket 
propulsion was very difficult to achieve, and that introducing airbreathing engines 
for at least part of the flight would be necessary. While a single-stage orbital rocket 
plane must consist of at least 90 percent propellant, for an efficient airbreathing 
spaceplane this drops to less than 70 percent. In other words, the structural weight 
of an airbreathing spaceplane can be more than tripled from 10 percent to over 30 
percent of the overall weight, for the same payload and propellant weight. The dra- 
matic relaxation of this constraint just might make a single-stage spaceplane possi- 
ble, although it would require a propulsion system significantly more complex than 
a purely rocket design. 

In Germany in 1985, Messerschmitt-Bólkow-Blohm (MBB, with which Junkers 
had been merged in the meantime) revived the idea for a two-stage, horizontal take- 
off and landing (HTHL) spaceplane. They named the new concept the Sánger-II, and 
its goal was to lower the launch price of satellites and other cargo by a factor of three 
to ten. As with the Sánger-I, it would involve a large, delta-winged hypersonic car- 
rier aircraft and a smaller orbital vehicle, but the carrier would take off from a regu- 
lar runway and would use airbreathing turbo ramjets instead of rocket engines, with 
liquid hydrogen as fuel. Since no oxidizer would be carried, this would result in 
great mass and volume savings. However, it would require five very complicated 
engines, capable of working as turbojets at speeds up to Mach 3.5 and then as ram- 
jets at higher velocities. 

After taking off from a runway in Europe, the carrier aircraft would fly at Mach 4 
to the appropriate latitude for its intended orbit (typically south of Europe, closer to 
the equator), at an altitude of 25 km in order not to pollute the ozone layer. It would 
then accelerate to Mach 7 and fly up to an altitude of 31 km to release its upper stage, 
which would use its own liquid oxygen/liquid hydrogen rocket engine to continue into 
orbit while the carrier glided back to base. In a modified form, the first stage would 
also be able to function as a hypersonic airliner, capable of flying up to 230 passengers 
at a top speed of Mach 4.4 for a distance of 11,000 km, carrying them from Frankfurt 
to Cape Town in under 3 hours, for example. The upper stage would either be a non- 
reusable, unmanned Cargus payload container, or a HORUS reusable shuttle with 
room for a two-person crew and 36 passengers. However, in 1994, it was concluded 
that full development would be much too costly and that operational launch cost sav- 
ings in comparison to those of expendable launchers were too uncertain, so the entire 
project was cancelled. 

The Sánger-II project was one example of a revival of interest in spaceplanes, 
which began in the mid-1980s and ended abruptly in the mid-1990s. This renewed 
attention was prompted by the rationale that something new was required, in order to 
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Model of the Sanger-II, in the Technik Museum Speyer in Germany. [Wikimedia/Palatinatian] 


cut the costs of access to space in comparison with both uneconomical expendable 
rockets and NASA's Space Shuttle. There was also the fact that the technology neces- 
sary for this was now within reach. The U.S. devoted a lot of effort to their National 
Aero-Space Plane (NASP), the British worked on their HOTOL spaceplane, and 
France, Japan and Russia all independently worked on reusable aircraft-like launch 
vehicles. It appeared, once more, that the days of the expendable launch vehicle were 
finally numbered. 

The American NASP has a long history. In the U.S. in the 1970s, even as the Space 
Shuttle was being developed, there were many studies into a possible successor in the 
form of a single-stage-to-orbit reusable launch vehicle. The intrinsic weight issues led to 
the conclusion that complicated tri-propellant rocket engines would very likely have to be 
created for rocket-propelled spaceplanes. These would initially use low-energy but high- 
density kerosene as fuel to generate high thrust for take-off with a limited tank volume, 
and then low-density but high-energy liquid hydrogen to accelerate efficiently up to orbital 
velocity. Sled-launch systems such as Sanger envisioned were also seen as a potential 
solution, for instance with the Reusable Aerodynamic Space Vehicle single-stage space- 
plane proposed by Boeing, which envisaged using two Space Shuttle Main Engines for 
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propulsion. Rockwell International offered its own alternative concept called the ‘Star- 
Raker’ , a delta-winged HTHL SSTO, with no less than ten “supersonic-turbofan/air-turbo- 
exchanger/ramjet" engines, three large rocket motors and an undercarriage that would be 
jettisoned and recovered by parachute. The company issued colorful illustrations showing 
several Star-Rakers at a commercial airport, with their hinged noses raised to load cargo, 
thus emphasizing airline-like operations. 


Artistic impression depicting a small fleet of Star-Rakers at a ‘space port’. Note the ‘space 
cargo’ buildings for different orbital destinations. [Rockwell International] 


The various studies by NASA, the U.S. Air Force and contracted industries in the 1970s 
led to a classified military program called Copper Canyon that ran between 1982 and 
1985. From this, the NASP emerged as the less classified follow-on announced by 
President Reagan in his State of the Union address of 1986. NASP was to lead to an air- 
breathing scramjet HTHL spaceplane prototype designated the X-30, operational deriva- 
tives of which would be able to function as either the SSTO launch vehicle, a hypersonic 
airliner called the Orient Express (somewhat similar to the dual use the Germans had in 
mind for the first stage of their Sánger-II), or a military Mach 12 reconnaissance plane 
and/or strategic bomber. 
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Artistic impression from 1986 of a NASP concept. [NASA] 


The program was run jointly by NASA and the Department of Defense, and in 1990 
Rockwell International became the prime contractor for its development. By then, the 
spaceplane had grown considerably in weight and size in comparison to the original design 
of 1984. Having lost its resemblance to the Concorde, it now had a wedge-shaped aerody- 
namic configuration called a ‘waverider’, essentially a hypersonic surfboard that generates 
most of its lift through a shock wave compressing the air below the plane. This shock 
wave, created by the forward fuselage, would also compress the air before it entered the 
engines, effectively supplying the scramjets with more oxygen. The aft fuselage formed a 
gigantic integrated nozzle for expanding the scramjet’s exhaust. There were small wings 
to trim the aircraft and provide control. Its overall configuration was ideal for efficient 
high-speed flight but gave poor lift at low speeds and in particular for taking off. 

Much new technology would be required, including a lightweight, composite-material 
hydrogen tank and advanced computer programs for modeling the airflow around the air- 
craft and through the engines. The hydrogen fuel would have to be carried in the form of 
a slush, a mixture of liquid and ice, to increase its density and thus limit the size and 
weight of the propellant tanks and the aircraft’s structure. Heat-resistant carbon materials 
would be needed for the aerodynamic surfaces, which would have to endure temperatures 
over 1,700 degrees Celsius during hypersonic ascent and atmosphere re-entry, and tita- 
nium aluminide panels would be required for most of the fuselage. 

A major hurdle was the development of the scramjet, in which liquid hydrogen would 
be injected into the combustion chamber and ignited by the hot compressed air rushing in 
at hypersonic speed. The exhaust would primarily consist of water vapor and would be 
environmentally friendly, but the decision to use hydrogen as fuel was mainly driven by 
the need for high performance and high efficiency. 

The NASP design incorporated the clever idea of using the atmospheric heating of the 
vehicle to increase the thrust of its scramjet engines. By circulating hydrogen fuel through 
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the plane’s skin to warm it up prior to injection into the engine, the energy generated by 
atmospheric drag was effectively added to the thrust of the scramjet. At the same time, the 
cryogenic hydrogen flow would cool the aircraft. It was initially believed that this revolu- 
tionary scramjet propulsion and temperature control system would make it possible for 
NASP to reach Mach 25 in the high atmosphere, enough for it to achieve orbit without the 
need for additional rocket engines. 

However, as the development progressed, it became clear that the maximum speed 
attainable would be about Mach 17, as the weight of the active thermal control system at 
higher speeds would be greater than what would be viable in order to add conventional 
rocket engines and propellant. For the NASP to be used as a single-stage-to-orbit space- 
plane, it would need additional rocket propulsion. In fact, rocket propulsion would be 
needed anyway, so that the NASP could attain Mach 3 for the scramjets to take over. 
Rocket propulsion would also be required to perform the de-orbit maneuver at the end of 
an orbital mission. To keep the weight of the vehicle down, the plan was to use a new type 
of rocket engine that, in addition to onboard fuel, would be fed with air liquefied during 
atmospheric flight by ram-compression and subsequently cooled by liquid hydrogen; an 
airbreathing rocket engine known as LACE (Liquefied Air Cycle Engine). 

Updated requirements stated that the X-30 had to carry a crew of two and that although 
it was an experimental vehicle, it would also need to be able to deliver a small payload into 
orbit. Rather than being ‘just’ a demonstrator, the X-30 was now to become a semi- 
operational vehicle. It was intended to be able to fly a mission every 72 hours and require 
only 100 workers for its operations. The ensuing fully operational launch vehicle deriva- 
tive was expected to cut the cost-per-kilogram of payload by a factor of ten. 


The X-30 NASP, as it was envisioned in 1990. [NASA] 
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Meanwhile, the estimated cost of the full development into an operational vehicle had 
increased far beyond the originally projected $3.3 billion for a relatively modest technology 
demonstrator. By the early 1990s, the projected cost for the demonstrator was $17 billion 
and the fully operational launch vehicle would require another $10 to $20 billion (in 2016 
dollars, those numbers would be close to $30 billion and $18 to $35 billion, respectively). 
It was also expected that another two decades of development would be required to master 
all the relevant technological issues to be able build a working prototype. 

Moreover, the argument that the NASP would enable airplane-like operations that 
would result in low costs per flight and rapid turn-around times sounded awfully similar to 
those predicted but never achieved for the Space Shuttle. The use of liquid hydrogen alone 
would necessitate a complete departure from conventional airport storage and distribution 
facilities, essentially ruling out the use of normal airfields because it would be prohibi- 
tively expensive to equip a sufficiently large network of them with the required produc- 
tion, storage and handling facilities. The severe cost increases and schedule extension, 
uncertain operational benefits, and the necessity to comply with civil space, commercial 
airline and military requirements, eroded support for NASP below program sustainability. 
In addition, the collapse of the Soviet Union severely reduced the push in the U.S. for 
ambitious technical and military programs. Inevitably, NASP was terminated in 1993. 

Initially, NASP was superseded by the Hypersonic Systems Technology Program 
(HySTP), for which NASA and the Department of Defense continued with technology 
development on a less ambitious scale. But when the Air Force withdrew from the project 
in 1995, the development of a U.S. spaceplane pretty much expired. 

The British HOTOL concept (short for Horizontal Take-Off and Landing) was for an 
unmanned SSTO spaceplane able to use ordinary runways. It would also require the devel- 
opment of a novel propulsion system that combined turbojet, ramjet and rocket engine 
elements and, as with the Sánger-II and the NASP, it would use hydrogen as fuel and draw 
upon atmospheric oxygen as much as possible in order to save the weight and volume of 
oxidizer that the vehicle would otherwise be required to carry. 

The British Aerospace design looked somewhat like a torpedo, with small delta wings at 
the rear, a single moveable fin up near the nose, and air intakes at the aft-bottom fuselage. 
It would be powered by four Rolls Royce RB545 Swallow engines, which in the atmo- 
sphere would use liquid hydrogen to pre-cool the hot air entering the engine and thereby 
make unusually high compression possible. The air initially entering the engine would have 
a temperature of about 1,000 degrees Celsius because it would arrive at high speed and then 
be slowed down almost to a standstill, resulting in almost all of the kinetic energy being 
converted into heat. Subsequent compression in the engine for efficient combustion and 
thrust generation would increase the air temperature even further, so starting off with the air 
already hot would quickly lead to unacceptably high temperatures in the engine. 

However, using pre-cooling, the compression would start with air which had been 
chilled to minus 130 degrees Celsius, yielding less extreme temperatures after high com- 
pression. In addition, cooling the air would avoid the need for heavy, high-temperature 
materials in the compressor section of the engine. Some of the now relatively warm hydro- 
gen coming out of the air pre-cooler system would be used to drive the engine's hydrogen 
turbopump, while the rest would be burned together with the cooled air, in the turbojet 
section of the engine at relatively low speeds and in the ramjet section at supersonic 
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speeds. At an altitude of 26 km and flying at Mach 5, the engines would be switched to 
pure rocket mode to burn hydrogen with onboard liquid oxygen instead of air. Unlike 
NASP, there would not be any scramjet. The return flight would be completely unpowered. 
From the very start, HOTOL was designed to be able to fly into space and back completely 
automatically, without a crew and with limited contact with ground control stations. Any 
astronaut passengers would merely be payload in a special container that would fit into the 
cargo bay located in the middle of the fuselage. 


Artistic impression of HOTOL during atmospheric ascent. [BAe] 


The development of HOTOL soon came up against a typical spaceplane issue that must 
have also plagued NASP and Sanger-II, namely the large shift of the center of gravity as 
the flight progressed. Most of the propellant was housed in the forward and center fuse- 
lage, while the heavy, fixed weight of the propulsion system was all necessarily placed at 
the aft end of the vehicle. This meant that the plane’s center of gravity would move signifi- 
cantly aft as propellant was consumed. At the same time, the large range of the vehicle’s 
Mach capability meant that the aerodynamic center of air pressure would also move sig- 
nificantly during the flight. It would be positioned aft while accelerating during the ascent, 
but forward while slowing down upon return. Another complicating factor was that the 
plane would take off with virtually full tanks but would later approach the airport and land 
with empty tanks and very little payload, so the center of gravity would thus be completely 
different at the same relatively low velocities at the start and the end of a mission. 

Balancing the centers of gravity and pressure became very tricky for the HOTOL lay- 
out, forcing the designers to modify the fuselage and to locate the wings further aft so that 
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their lift could counteract the weight of the engines and keep the plane stable at all speeds 
and propellant loads. But the new configuration that solved the balancing problems neces- 
sitated a reduction in payload capability. This was compensated for by abandoning the 
conventional aircraft take-off in favor of a rocket-propelled trolley (resulting in a similar 
take-off approach to that Eugen Sanger had in mind for his Silbervogel). This was a seri- 
ous departure from the originally envisaged aircraft-like operational capability and signifi- 
cantly lowered the commercial attractiveness of the project. When the design team then 
found that they had to resort to all manner of untried, experimental materials and structure 
technologies to maintain a decent payload at a reasonable flight price, the government 
withdrew its support in 1988. Shortly afterwards, Rolls Royce also pulled out. 

In 1990, in an effort to save the project, BAe approached the Soviets to study the pos- 
sibility of launching a HOTOL-derived vehicle off the back of their Antonov An-225 
cargo plane. This so-called ‘Interim HOTOL’ would also abandon the complex RB545 
engines and instead use conventional rocket engines, possibly of Russian pedigree. Thus, 
HOTOL would become a pure rocket plane launched by a subsonic carrier first stage that 
would release it at an altitude of 9 km and a starting velocity of about Mach 0.7. Antonov 
also studied the possibility of fitting the An-225 with two additional jet engines (turning it 
into an An-325) to carry a larger version of the vehicle. But neither the UK government 
nor the European Space Agency expressed any serious interest and the disintegrating 
USSR could ill afford to participate, so the project was cancelled in 1992. 

The Soviets also had their own aerospace plane projects. From the mid-1970s to the 
late 1980s, the Myasishchev Experimental Design Bureau worked on the MG-19 concept, 
involving a triangular lifting body with take-off weight of 500,000 kg and a payload to low 
Earth orbit of 40,000 kg. It would use turbojets and then scramjets to get to Mach 16, and 
subsequently rocket propulsion, with hydrogen fuel superheated by a nuclear reactor, to 
achieve orbit. The complexity of the vehicle, the dangers involved in flying a nuclear reac- 
tor in a hypersonic aircraft, and the priorities of the Buran space shuttle project meant that 
by the 1990s, this project had also disappeared. The idea of using nuclear power in a 
spaceplane was not new, as Martin had already proposed nuclear magnetohydrodynamic 
engines for its Astroplane as far back as 1961, but it was highly unusual to consider some- 
thing as controversial as this in the 1980s. 

The USSR’s specific response to NASP was the Tupolev Tu-2000, a long-range heavy 
bomber and SSTO vehicle whose turbojet and scramjet engines used liquid hydrogen and 
liquid oxygen. Development of this spaceplane started in 1986, aiming for an initial exper- 
imental two-person design called the Tu-2000A that would be capable of reaching Mach 
6. After the collapse of the Soviet Union, work continued in Russia in 1991 and 1992 with 
two tests of an experimental, sub-scale scramjet at subsonic and supersonic speeds up to 
Mach 6, using S-200 tactical missiles. However, in 1992, the project was suspended owing 
to a lack of funds. From the few concept images available, it appears that the Tu-2000 
would have looked very similar to NASP. 

Japan was also engaged in spaceplane development during the late 1980s and early 
1990s, under the designation ‘Japanese Single-Stage-To-Orbit (JSSTO)’. This proposal 
incorporated four LACE propulsion units to drive the vehicle to Mach 5, then six scramjets 
to accelerate it to Mach 12. Further acceleration to orbital speed would also be achieved 
using the LACE engines, but now being above the ‘normal’ atmosphere, the engines would 
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be fed air that was liquefied and stored in tanks earlier in the ascent, a process called ACE 
(Air Collection Engine). Mitsubishi Heavy Industries tested a sub-scale scramjet in a 
hypersonic wind tunnel in 1994, but the work does not seem to have progressed much 
further than that. 


Concept for the ‘Japanese Single-Stage-To-Orbit’ spaceplane. [JAXA] 


In the late 1980s and early 1990s, in a research effort named ‘STS (Space Transportation 
System) 2000’, Aerospatiale in France investigated a single-stage ramjet/rocket space- 
plane that looked similar to the Concorde, as well as a Sánger-II-like concept in which a 
ramjet/rocket aircraft carried a rocket-propelled second-stage spaceplane that would be 
separated at Mach 6. Another French company, Dassault Aviation, worked on a Mach 7 
scramjet aircraft that would air-launch an expendable Ariane 5 second stage carrying a 
Hermes-derived shuttle. This was called “STAR-H”, for ‘Système de Transport spatial 
Aérobie Réutilisable — Horizontal’ (i.e. airbreathing reusable space transportation system 
for horizontal take-off and landing). These French concepts were not particularly new, all 
resembling ideas explored in the mid-1960s. 
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Of all the spaceplane projects of the 1980s, NASP appears to have been the most ambi- 
tious and most complex. Nevertheless, despite the large amounts of technology develop- 
ment that was carried out, not much of this is in the public record, as the project was so 
advanced that even today many of its details remain secret. The Sánger-II was theoreti- 
cally the least complex, using two stages instead of the more constraining single-stage-to- 
orbit approach, and incorporating airbreathing engines and rocket propulsion in two 
separate vehicles. 

Sünger-II's first stage would not have flown fast enough to require exotic thermal pro- 
tection materials and scramjets, so conventional titanium panels (with additional carbon 
layers at the hot-spots) and relatively simple ramjets would have sufficed. During re-entry, 
with the vehicle now mostly consisting of large and empty tanks, it would have had a 
significantly lower density than the Space Shuttle Orbiter (and hence a larger surface area 
in comparison to its weight), and so would encounter relatively benign temperatures. In 
contrast to NASP, it would have been able to put substantial payloads into orbit and oper- 
ate as a real launch vehicle, potentially beating everybody else to the market. 

In the end, however, all of these spaceplane concepts, including Sánger-II, proved to be 
too far ahead of their time. Scramjet and combined propulsion technology was not yet suf- 
ficiently developed, while airflow and combustion at high speeds and temperatures was 
not sufficiently understood. An article on NASP in the magazine Flight International in 
October 1987 included an ominous warning: “The odd thing is that the excitement is based 
almost entirely on theoretical research and small-scale laboratory work. Nobody has run a 
Mach 25 scramjet continuously for more than a few seconds, and no powered atmospheric 
vehicle has attained anything like the speeds envisioned for NASP." 

In March 1992, however, the magazine Popular Mechanics still enthused: “Space Race 2000 
is on," anticipating that one of the international spaceplane contenders would develop a real 
vehicle by the turn of the century. In reality, the airliner-like spaceplane is still a long way off. 

But while the large spaceplane programs were all cancelled, some related develop- 
ments did survive. Work on hypersonic scramjet propulsion in the U.S. was continued in 
NASA's Hyper-X program, and resulted in two test flights of the small X-43A. This 
unmanned experimental vehicle was launched from the nose of a Pegasus rocket that was 
itself dropped from a converted airliner, and set new records for an airbreathing vehicle by 
achieving Mach 9.6 and a scramjet burn of 10 seconds on its last flight in November 2004. 
Scramjet development tests are continuing with the similar X-51, which flew for the first 
time in May 2010 and, while it ‘only’ reached a speed of Mach 5, sustained a much longer 
powered-flight time of 200 seconds. The second flight, in June 2011, was unsuccessful due 
to a failure of the scramjet engine. Some people insist that the U.S. military already has a 
highly secret orbital spaceplane in operation (such as the Blackstar reported by Aviation 
Week), but the evidence for this is unconvincing. 

Shortly after HOTOL foundered in 1988, members of the engine design team, led by 
Alan Bond, set up a new company (called Reaction Engines Ltd.) to continue to develop 
the HOTOL concept, focusing initially on an improved version of the RB545 engine called 
the SABRE (Synergistic Air Breathing Engine), and in particular on the crucial pre-cooler 
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section. The spaceplane concept currently being worked on is called Skylon (named after 
a futuristic art structure included in the 1951 Festival of Britain, which the fuselage 
strongly resembles). 

The designers reckon they have fixed the flaws in the HOTOL design, in particular the 
stability problem due to the heavy engines in the aft part of the spaceplane. The Skylon 
solution is to locate the engines in the middle of the vehicle, housing them in nacelles at 
the tips of the delta wings in the same way as envisaged for the Keldysh Bomber in 1947. 
This prevents the center of gravity from moving aft as the propellant tanks are depleted. 
Moreover, since the engines are not fully integrated with the fuselage, they can be tested 
separately from the remainder of the vehicle. The engine nacelles have a peculiar banana- 
shape because their air intakes have to point directly into the airflow, whereas the space- 
plane’s wings and body must fly at an angle to create lift. Each engine is expected give a 
maximum thrust of 1,350,000 Newton in airbreathing mode, and 1,800,000 Newton in 
rocket mode. 


Skylon in orbit, with its payload bay doors open. [Adrian Mann & Reaction Engines Limited] 
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Impression of a Skylon being towed to the hangar just after landing. [Adrian Mann & Reaction 
Engines Limited] 


According to the company, their SABRE propulsion would make Skylon very safe and 
reliable, and enable it to take off without the rocket trolley that would have been necessary 
for HOTOL. This, of course, means Skylon will need a sturdy undercarriage, as well as 
strong brakes, to stop itself before the end of the runway in case a problem occurs just 
before take-off. The design decision was to cool the brakes by water, which would boil 
away and dissipate the heat caused by the braking friction. The cooling water would be jet- 
tisoned following a successful take-off, thus reducing the weight of the undercarriage by 
several metric tons. At landing, Skylon would be empty and hence fairly light, so the brakes 
would not need water cooling in order to be able to stop the plane without catching fire. 

Due to its aerodynamic characteristics upon re-entry, the vehicle would slow down at 
higher altitudes than the Space Shuttle Orbiter, keeping the skin of the vehicle signifi- 
cantly cooler, and thus requiring only a durable reinforced ceramic for most of its skin. 
The turbulent airflow around the wings during re-entry would necessitate active cooling of 
some parts of the vehicle, however. Skylon is expected to be able to put 12,000 kg of pay- 
load into low Earth orbit. Its take-off noise is expected to be acceptable for starting off 
from regular airports in populated areas, but runways would have to be extended to 5.6 km 
in length, the first 4 km of which would require strengthening to be able to cope with the 
heavily laden Skylon rolling at high speed. 
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An independent review by the European Space Agency, which is also funding part of 
the technology development for Skylon, concluded in 2011 that the overall design “does 
not demonstrate any areas of implausibility." Reaction Engines is confident that Skylon 
will soon reach sufficient technical maturity to convince investors that it is a valid com- 
mercial opportunity which warrants funding to full development. 

The project's cost estimates indicate that if a fleet of 90 vehicles were produced, it 
would be possible to buy a Skylon for about $650 million, which is roughly comparable to 
a large jet airliner. Early customers would pay $30 to $40 million per flight, but with more 
aircraft flying and an increasing total number of flights, the price could fall to around only 
$10 million per launch. 


THE TROUBLE WITH SPACEPLANES 


Despite the multiplicity of studies and technology developments, government and indus- 
try funding for spaceplanes and other types of fully reusable launch vehicles remains mod- 
est at best. Space agencies and the launch vehicle companies always seem to opt for a 
conventional, expendable — or at best partly reusable — rocket as their next generation 
launcher. For the last 50 years, operational spaceplanes have always been 20 years in the 
future. This isn't due to a lack of concepts, because in addition to the spaceplane proposals 
described here, there are literally hundreds of ideas and designs at various levels of matu- 
rity and realism. It appears that the same issues that killed the high-profile spaceplane 
concepts of the 1980s are still the root of the problem: uncertain economic benefits, very 
high development costs and great technical and financial risk. 

For HOTOL, for instance, it turned out that for each additional kilogram of inert weight 
that the vehicle design gained (for example, an additional piece of electronics or thermal 
insulation) some 25 kg of additional propellant would be needed to maintain the vehicle's 
performance, and additional tank and structure mass would be required to house this extra 
propellant, which itself further increased the overall weight. It was a vicious circle. 

Another parameter with a dangerously strong growth factor was the specific impulse of 
the rocket propulsion, where a change of just 1 percent would impose a 4 percent change 
in the gross lift-off weight. Therefore, any marginal decrease in projected rocket engine 
performance could make a vehicle considerably heavier, larger and more expensive. As 
only 3 percent of HOTOL’s take-off weight would consist of payload, a few design changes 
could easily consume the total useful cargo weight allocation and thus render the vehicle 
completely useless. 

The very high sensitivity of its performance to the input assumptions makes the design 
of a single-stage-to-orbit vehicle particularly difficult, and obliges engineers to pay very 
close attention to the fine detail. It also requires that a wide range of new technologies be 
advanced to maturity before the spaceplane design can be finalized, because any small 
discrepancy in expected weight or performance can have major consequences for the 
entire vehicle design. All this, plus the need to make the vehicle easy to maintain and oper- 
ate, makes it clear just how daunting the task of developing a spaceplane is. 

To achieve orbit at minimal orbital altitude, a vehicle must have a horizontal speed of 
7.8 km per second, or 28,000 km per hour. The X-15 could attain just 26 percent of this 
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velocity, and only at a much lower altitude than is required for a satellite. It could only 
reach the edge of space in a steep climb, with its speed falling virtually to zero at the top 
of its parabolic trajectory (as all its speed had by then been converted into altitude). The 
gap in terms of required energy to go into orbit is huge. Kinetic energy increases with the 
square of the velocity, which means that to make an X-15-like spacecraft orbit capable 
would require a propulsion system able to provide almost 15 times more energy than that 
of the actual X-15. This is why satellite launchers and orbital spaceplane concepts are so 
much larger than suborbital rocket planes like the X-15 and the recent SpaceShipOne and 
Two, even though they all reach space. In terms of energy and thus propellant volume, the 
difference is enormous. 

Orbital speed also leads to much more demanding weight constraints, as most of a 
spaceplane needs to consist of propellant. Whereas a suborbital rocket plane’s dry weight 
can be approximately 40 percent of the vehicle’s overall weight including propellant, the 
energy needed to go into orbit constrains a spaceplane’s empty weight to no more than 10 
percent of its take-off weight (for both types of vehicle, these percentages diminish if 
multiple stages and/or airbreathing propulsion are employed, but the large difference 
remains). In short, the difficulty in achieving orbit is not so much getting up to high alti- 
tude, but in attaining the necessary high velocity with a structural weight that still provides 
sufficient reliability and safety. 

For an all-rocket-propelled spaceplane, this would be virtually impossible, even with 
multiple stages. This is why most historical and current spaceplane concepts focus on 
extremely complicated propulsion systems that combine rocket engines with turbojets, 
ramjets and/or scramjets. The idea is to use as much oxygen as possible from the atmo- 
sphere for as long as possible, before extreme speed and altitude necessitate switching to 
pure rocket propulsion. Spaceplane launcher concepts based on this idea, such as the 
Sanger-II, HOTOL and X-30 NASP of the late 1980s, have all failed because the huge 
investments required, in combination with the high technical complexity and huge finan- 
cial risks, made the economic benefits highly doubtful. 

Reusable launchers are more expensive to develop than expendable ones, because in 
addition to the difficulty of developing something that can go into orbit, a spaceplane must 
also be designed to come back, which involves re-entry into the atmosphere, a descent 
phase and a soft landing. Furthermore, using such vehicles requires a large infrastructure, 
involving a long runway, facilities for vehicle and engine maintenance, (cryogenic) pro- 
pellant production factories and storage tanks, and logistical systems to manage the distri- 
bution of spare parts. 

Large aircraft like the Airbus 380 and large launchers like Ariane 5 typically cost $10 
billion to develop and it is hard to imagine how a spaceplane that combines the functions 
of both of these vehicles is going to cost less. The reusable Venture Star SSTO, for instance, 
abandoned in 2001 due to the expensive problems with its X-33 precursor, was expected 
to cost close to $35 billion to become operational. 

Furthermore, it is currently expected that the high strains involved in launch and re-entry, 
in combination with the need to keep the vehicle's structure extremely light, mean that space- 
planes will only be able to make a few hundred flights at most before they must be scrapped. 
Replacement rates and costs will therefore be higher than for airliners, where a single aircraft 
may undertake over 10,000 flights before having to be withdrawn from service. 
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The operational costs for reusable systems run the risk of actually turning out to be 
greater than for expendable rockets. The high development, infrastructure and mainte- 
nance costs mean that operating reusable launchers can only translate into attractive launch 
prices if they perform many flights per year. This is the strategy pursued by commercial 
airlines, which keep their planes in the air for as many hours as possible in order to keep 
their costs down. A rapid turn-around is required to limit the size, and hence the purchase 
cost, of the vehicle fleet. 

But to be able to make many flights, there must be a large number of customers who 
require many more payloads to be launched than is currently the case. Today, there are 
about 70 launches per year, although some carry multiple satellites. In contrast, there are 
close to 30,000 airliners in the skies above the USA alone on any normal day. The launch 
market will only significantly increase in size (with space tourists and new satellite appli- 
cations that are currently prohibitively expensive) if launch prices fall by a factor of 10 or 
so, which in turn requires efficient reusable systems with low maintenance overheads. It is 
a difficult catch-22 situation: launches should become cheaper when the market is suffi- 
ciently large, but the market cannot dramatically increase until launch prices drop signifi- 
cantly. How the launch market will grow as a function of launch price reductions is up for 
debate, and seems to be driven more by opinions than by hard statistical data. 

In addition, current spaceplane designs are only capable of reaching low orbits, so 
expendable rocket stages would still be required to boost satellites into higher orbits, as 
was the case for the Space Shuttle, and of course these kick stages eat up payload volume 
and weight. Most current spaceplane concepts would not be able to place today’s telecom- 
munication satellites, the most profitable part of the non-government satellite launch mar- 
ket, into geosynchronous orbit. Spaceplanes therefore need a large new market in low 
orbit, something that space tourism could provide if the flights were sufficiently affordable 
and safe. Failing that, they will have to rely upon the increased use of small satellites 
intended to work in low orbit. Whether new markets would be sufficient to justify the 
development of a reusable launch vehicle is the $10 billion-plus question that is very dif- 
ficult to answer right now. 

Even in the mature and well understood airline market, aircraft companies take a bit of 
a risk when engaging in the development of large new aircraft. You can imagine what the 
risks will be in trying to enter a relatively new, poorly understood market like that of future 
space launches with projects having costs on such a scale. 

Spaceplanes also face competition from smart, low-cost expendable launchers, espe- 
cially at low flight rates. For instance, Reaction Engines estimates that, at a flight rate of 
70 missions per year, a single flight of their Skylon spaceplane would cost in the order of 
$30 to 40 million. Therefore, in terms of cost-per-kilogram into orbit, this means that 
Skylon might be beaten by the SpaceX company’s Falcon Heavy expendable launcher, 
whose development budget was much lower than that for Skylon, especially when the 
Falcon Heavy’s lower stages become reusable. 

An additional problem is the very long time it takes to bring a complicated vehicle like a 
spaceplane into operational service. The Airbus 380 took about 13 years to develop, the 
Ariane 5 rocket about 12 years, and the F-22 fighter aircraft around 20 years. Any aircraft 
which incorporates as many new technologies as an airbreathing spaceplane will take at least 
two decades to advance from conceptual design to fully operational system, and that is not 
counting the additional time to develop and fly any sub-scale pathfinder test vehicles. 
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It is therefore not difficult to appreciate why spaceplane projects find it very hard to 
attract private investors, because they are generally not interested in high-risk ventures that 
might only deliver some unknowable return on any investment after several decades. Over 
the last few decades therefore, spaceplanes have remained futuristic concepts. 

If it is difficult to prove the business case for orbital spaceplanes, is it possible that a 
sub-orbital vehicle may make more sense? A smart concept that was investigated as part 
of ESA’s Future European Space Transportation Investigation Program (FESTIP) study of 
the mid-1990s was that of a ‘Suborbital Hopper’, involving a reusable vehicle which 
releases its payload into space at a speed just short of that required for orbit. A small rocket 
stage then gives the cargo the final kick to enter orbit. Such a launcher saves huge amounts 
of propellant by not having to boost its own weight into orbit, and is less constrained by 
the need to keep structural weight to the absolute minimum. In addition, such a vehicle 
may find profitable markets in rapid point-to-point transportation of people and time- 
sensitive cargo all across the world, space tourism, and in undertaking short-duration 
microgravity and high-altitude experiments that require more time than can be provided 
by sounding rockets. In a military role, it could act as a strategic bomber, uncatchable spy 
plane, rapid-reaction satellite launcher, and rapid intervention vehicle capable of deliver- 
ing special forces anywhere in the world within a couple of hours. 

The Astroliner suborbital rocket plane launch system proposed by Kelly Space & 
Technology in the U.S. in the 1990s was a similar concept, with the addition of a Boeing 
747 serving as a first stage. The jetliner would tow the rocket plane to an altitude of 6 km 
and Mach 0.8 and the Astroliner would separate and shoot up to 110 km before releasing 
an expendable upper stage through a nose door to place several metric tons of payload into 
a low orbit. The rocket plane itself would continue its suborbital trajectory, re-enter the 
atmosphere and land on a conventional runway. The Astroliner would have jet engines for 
towed-flight assistance and powered final descent and landing, and three Russian RD-120 
liquid kerosene/liquid oxygen rocket engines for the zoom into space. 

In spite of all the potential benefits, however, developing and possibly flying a space- 
plane or any type of reusable launch vehicle still remains an economic and technical 
adventure rather than an everyday routine. 


4 


Space stations and orbital colonies 


Since the end of the Moon Race, space stations have become the mainstay of human 
spaceflight. The Soviets sent up the first one in 1971, together with the story that such a 
station had been their real goal all along and that they had never intended to land cosmo- 
nauts on the Moon by 1970 at all. Over a span of eleven years, the Soviet Union launched 
no less than seven Salyut space stations, with the final crew leaving the last one in 1986. 
In that timeframe, NASA launched and operated only a single station, Skylab, instead put- 
ting most of its money and effort into the development of the Space Shuttle. 

The much larger and modular Mir station was operated by the Soviet Union and then 
Russia from 1986 till 2001. After this, they focused all their human spaceflight activities 
on the International Space Station (ISS) that is currently in operation, as part of the com- 
bined project of five space agencies. The ISS is the largest artificial body ever placed in 
orbit, with dimensions slightly larger than that of a football field (although this is mostly 
due to the huge solar arrays) and a total mass of about 420 thousand kilograms. Its habit- 
able volume is some 930 cubic meters, about 2.6 times that of Skylab or Mir. 

Its cost is equally impressive. The estimate for the total expenditure, from early designs 
in 1985 up to 2015, including development, production, launches and the costs related to 
its habitation and astronaut crews, is $165 billion (in 2016 dollars) and increasing, as the 
station will be operated well into the 2020s. This makes the ISS arguably the most expen- 
sive single facility ever constructed, although if you spread out its costs over the duration 
of the program, it hardly registers on national economic scales. 


DONUTS IN ORBIT 


Although it is substantial by current space station standards, the ISS remains fairly 
modest in comparison to what early the space pioneers had expected we would have 
in orbit by now. Konstantin Tsiolkovsky, the famous Russian space theoretician of the 
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early 20th century, was the first to consider the practical design of a space station. As 
far back as the 1920s, he foresaw the need for crew accommodation, life-support sys- 
tems and airlocks through which cosmonauts in space suits could exit and enter the 
station. In Beyond the Planet Earth, published in 1920, Tsiolkovsky described a rocket 
vehicle that would become a space station once in orbit. The station would spin to 
generate artificial gravity through centrifugal force and would be able to house 20 
people. After constructing stations in Earth orbit and then around other planets, 
Tsiolkovsky believed it would be possible to build “space islands” able to house thou- 
sands of people. 

In 1928, Austrian Hermann Noordung (a pseudonym for Hermann Potoénik) pub- 
lished a book called The Problem of Travel in Space, which included a design for a 
spinning, wheel-shaped station some 30 meters in diameter. That design has since 
become the classical shape of an artificial gravity station; the double-wheeled space 
station of the movie 2001, A Space Odyssey can be directly traced to Noordung's 
design. Noordung foresaw that his station would be built up from individually launched 
modular units. The centripetal force resulting from rotation would provide artificial 
gravity in the outer wheel. 

His station incorporated an airlock to enable astronauts to go outside, while electrical 
power came from parabolic mirrors covering the entire diameter of the station, which 
would concentrate sunlight to heat a fluid to drive a power generator (similar in concept to 
that of today’s ground-based ‘concentrated solar power’ generators). 

He proposed putting the station into a geosynchronous orbit, where it could act as a 
platform for Earth observation, astronomy and communications relay. As such, Noordung 
was the first to recognize the importance of this orbit, where a satellite circles the Earth 
in 24 hours and thus appears to hover continuously over the same area of the Earth’s 
surface, enabling it to act as the top of a virtual, 36,000-kilometer-high observation and 
relay tower. 

A next step in the definition of the rotating, donut-shaped space station was the concept 
presented by H. H. Koelle at the second annual congress of the International Astronautical 
Federation, in London in 1951. Koelle pointed out that such a station could serve many 
purposes, acting as a laboratory for scientific investigations of the upper atmosphere, 
weather observation, astrophysical research, and zero-gravity chemical and physiological 
research in the hub where the rotation would be minimal. It would also be able to relay 
communications signals, act as a navigation beacon and provide a starting point for inter- 
planetary missions. 

One unique idea that Koelle came up with was to assemble the station out of 36 indi- 
vidually launched, self-contained, 5-meter spheres that would be arranged around a cen- 
tral hub. With each segment being a complete structure, the station could be made partly 
operational even before completion of the 60-meter diameter wheel. His idea has actually 
been applied with all the modular space stations that have flown, i.e. Mir and the ISS. Koelle 
expected the necessary crew to be in the order of 50 to 65 people and estimated that it 
would cost $518 million to develop the station and put it into orbit, equivalent to $4.8 
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Hermann Noordung’s wheel-shaped space station concept. 
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Artistic view of Noordung’s space station, with its sunlight concentrators in the middle and 
around the rim. 


billion in today’s currency and a very optimistic number that was typical of the cost expec- 
tations of those early days. 

The wheel-shaped space station became known to the wider public, at least in the U.S., 
through two articles in the March 1952 edition of the widely-read Collier's magazine: 
Crossing the Last Frontier by Wernher von Braun and A Station in Space by space 
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promotor Willy Ley. Both articles were part of the first installment of a series on space- 
flight which the weekly magazine published between March 1952 and May 1954, several 
years before the launch of Sputnik. 

No long afterwards, von Braun's station concept got even more media coverage when 
he described it in the Disney television production Man and the Moon, in 1955. This was 
the second installment of the three-part show on spaceflight, enlivened by Disney anima- 
tions and meant to help promote the Tomorrowland section of the new Disneyland attrac- 
tion park. The premiere of the first episode was seen by some 40 million people. From then 
on, von Braun's wheel became the standard space station configuration for decades in 
TV-series, magazine illustrations and toys. 

The station as envisioned by von Braun and Ley would be 75 meters in diameter, with 
a three-decked ring assembled from 20 independent, inflatable units made “of flexible 
nylon-and-plastic fabric.” Apart from allowing the station to be launched by multiple 
rockets, these sections would also create compartmentalization and therefore make it pos- 
sible to isolate areas quickly in case of leaks or fire. 

Once complete, the station would be rotated with use of a rocket motor, after 
which it would keep rotating without effort because of the lack of aerodynamic drag 
in space. Different gravity regimes could be implemented: one full revolution every 
12.3 seconds would induce “one gravity," or 1 g, at the inside wall of the wheel’s 
outer rim, while a revolution every 22 seconds would result in one-third gravity, as 
on Mars. 

According to the article in Collier’s, power would be provided through a polished 
sheet-metal trough running around the wheel, focusing the sunlight onto a steel pipe filled 
with liquid mercury. The resulting hot mercury vapor would drive a 500-kilowatt turbo 
generator. By the time the station was presented in the Disney TV show, however, this 
“solar concentrator’ had been replaced by a nuclear reactor. Von Braun also described how 
putting the station into a 2-hour orbit going over the Earth’s poles would allow it to cover 
the entire surface of the planet every 24 hours. 

Because the spinning station would prevent long-exposure photography for astronomi- 
cal research, it would be accompanied by an unmanned space observatory that could be 
serviced by astronauts. Pictures of the Earth, however, which typically do not require long 
exposures, would primarily be taken from the station itself. In addition to the uses that had 
previously been outlined by Noordung and Koelle, von Braun described another role of a 
space station as a “watchdog of the peace,” as the polar orbit of the station would ensure 
that “nothing will go unobserved.” 

Taking this military role one terrible step further, von Braun also proposed using the 
station as a launch platform for atomic bombs: “In view of the station’s ability to pass 
over all inhabited areas on Earth, such atom-bombing techniques would offer the satel- 
lite’s builders the most important tactical and strategic advance in military history. 
Furthermore, its observers probably could spot, in plenty of time, any attempt by an 


Dr. Wernher von Braun with a model of his space station, together with Collier’s managing 
editor Gordon Manning, who is holding a ferry rocket stage proposed by von Braun. 
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enemy to launch a rocket aimed at colliding with the giant wheel and intercept it.” 
Taking advantage of the fears prevalent during the Cold War era, von Braun played 
heavily on the possibility that if the U.S. did not soon invest in spaceflight develop- 
ment, it might be overtaken by the Soviet Union. While he did not explicitly say this in 
the article, he did open the piece with: “Within the next 10 or 15 years, the Earth will 
have a new companion in the skies, a man-made satellite that could be either the great- 
est force for peace ever devised, or one of the most terrible weapons of war — depending 
on who makes and controls it.” 

The idea of using a space station as a weapons platform would soon be rendered 
obsolete, however, as another system capable of carrying large numbers of atomic 
weapons and able to hit anywhere on the planet at any time became operational by 
the late 1950s: the ‘boomer’ ballistic missile submarine. Von Braun’s space station 
may have been able to see the entire surface of the Earth, but it would also have 
been visible from any place on the planet, and therefore vulnerable to attack. You 
can’t hide a space station, and its fixed orbit makes it easy to predict when it will 
come in sight. A submarine, on the other hand, especially one powered by a nuclear 
reactor, can remain hidden under the surface of the ocean for months, virtually 
waiting on the doorstep of the enemy to attack at a moment’s notice. The point 
became moot in 1966, when the Outer Space Treaty banned the placement of 
nuclear weapons in space. 

Still, even without its role as a bomb-dropping “high ground’ platform, the usefulness 
of large rotating space stations was generally accepted as a given by human spaceflight 
pioneers in the 1950s and 1960s. As a result, this era generated numerous other designs for 
large, wheel-shaped stations, as well as rotating stations with modules on long arms rather 
than complete wheels. 

All these ideas were based on the premise that a substantial crew would be neces- 
sary for the various jobs onboard the space station, and that their work and well-being 
would greatly benefit from artificial gravity. With Earth-like gravity, they would be 
able to live and work much as if based on the ground, operating cameras, relaying 
messages, sending down weather forecasts and performing maintenance on the sta- 
tion’s systems, without the need to strap themselves down and without the problems 
of gradual muscle atrophy and bone loss. Fluids and food would behave as they 
would on Earth, and equipment such as kitchen appliances and toilets could thus be 
based on standard equivalents used on Earth, with no need for the sticky food, vac- 
uum toilets and complex 20 kg espresso machine (“ISSpresso”) that can be found 
aboard today’s ISS. 

On rotating stations, facilities for microgravity experiments would be limited to the hub 
area, the only place where very low gravity levels would be found. If equipped with elec- 
trical motors for counter-rotation, the hub module could be used as a ‘stationary’ zero- 
gravity laboratory (although the resulting mechanical vibrations would probably have 
hampered the ‘quality’ of the microgravity conditions) and could also facilitate the 
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NASA Langley center’s 23-meter diameter rotating space station concept of the early 1960s. 
Its six rigid modules would be stacked parallel to each other for launch on a single Saturn V, 
after which the station would “self-deploy” into a hexagonal shape. [NASA] 


docking of visiting spacecraft. The spokes could potentially be used for research at inter- 
mediate gravity levels, simulating conditions on the Moon or Mars, with higher gravity 
encountered further from the hub. Extra-Vehicular Activities (EVA, or spacewalks) would 
need to be confined to the hub area as well, or be conducted completely off the station, 
otherwise the rotation would fling the astronauts away into space. 

The classical space station concept quickly lost many of its other predicted roles in 
addition to that of a space weapons platform, however, as automated satellites rapidly 
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1969 NASA concept for a rotating boom-shaped space station, assembled in orbit from spent 
rocket stages and other Apollo elements. [NASA] 


improved in performance and reliability throughout the 1960s. Orbital photography 
and telecom signal relay became fully automated, with whatever human supervision 
and operation was still required being conducted from control stations on the ground. 
‘Hands-on’ processing of photographic plates and replacing failure-prone vacuum tube 
electronics by astronauts were no longer required in the new world of digital imaging 
and transistor technology. Standardized space-qualified equipment, specially devel- 
oped to handle the higher radiation levels and vacuum conditions in space, quickly 
became available. Malfunctions became more and more rare, even over extended dura- 
tions, and back-up equipment was incorporated into the satellites where feasible and 
required. There was no longer any need for operators to be physically close to their 
equipment in space. 

The Manned Orbiting Laboratory (MOL) space station that the U.S. Air Force devel- 
oped during the 1960s was one notable victim of this reasoning. MOL was cancelled in 
1969, mainly because by then its job could be done cheaper and better by unmanned 
systems (see the next chapter for more on this). 
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While von Braun and others had seen an Earth-orbiting station as an indispensable 
“base camp’ for missions to the Moon and planets, those planning the Apollo program 
quickly did away with it, as both an unwarranted diversion of money and effort, and as 
incompatible with the very tight schedule. Several leading NASA engineers lamented that 
the Lunar Orbit Rendezvous (LOR) approach chosen for Apollo would leave no space sta- 
tion in orbit for other uses after the Moon landings. 

But it is very likely that if NASA had chosen to build a large space station before 
heading to Moon, it would never have been able to fulfill President Kennedy’s prom- 
ise for America to put a man on the lunar surface by 1970. Once that became clear, 
the entire Apollo project might have been cancelled, resulting in no lunar landings 
or space stations at all. Von Braun seems to have understood this when, to the sur- 
prise of many of his own staff, he abandoned his grandiose space station concept in 
1962 (at least for the time being) and accepted the faster approach to putting a man 
on the Moon. 

Another nail in the coffin for large rotating space stations emerged from ground-based 
research that indicated there were definite limits to the rotational speed a human could 
handle. When moving in a rotating system, be it a merry-go-round or a space station, you 
experience accelerations as you go closer to, or further from, the center of rotation (the 
resulting forces are called Coriolis forces). This is well known to cause nausea, and the 
faster the rotation and the smaller the radius, the worse it gets. In his 1928 book, Hermann 
Noordung correctly observed that to generate 1 g of gravity, his 30-meter diameter station 
would need to complete one revolution every eight seconds, or about 7.5 revolutions per 
minute. Although this appears quite fast, Noordung believed that “only a slight effect 
would be perceptible.” 

In the 1970s, however, researchers discovered that most people have difficulty handling 
rotations faster than three revolutions per minute for extended durations, having spun test 
subjects around in ground-based research and training centrifuges. Their subjects became 
very nauseous, or at least experienced significant performance reductions; not what you 
want for the crew of a complex space station handling sensitive equipment. As a result of 
these experiments, the general consensus now is to limit the rotation rate for artificial grav- 
ity spacecraft to about two revolutions per minute (although there is still a substantial 
proportion of people who experience a degree of nausea even at a rate of only one revolu- 
tion per minute). 

Another issue with gravity on a rotating space station is that the astronauts would be 
standing with their feet on the outer wall of the wheel and their heads towards the station’s 
hub. With the gravity level gradually increasing from zero-gravity near the hub to 1 g at 
the outer edge, the astronauts would feel that their heads were too light with respect to 
their feet if the radius of the station was too small. 

In order to establish a normal gravity level of 1 g in a space station rotating at the 2 
revolutions per minute limit, therefore, the station would need a wheel diameter of 450 
meters. Anything less than that and either the rotation speed would need to be increased or 
the station would have to work at less than 1 g. A diameter of 450 meters is considerably 


96 Space stations and orbital colonies 


more than the 30 meters envisaged for Noordung’s station or the 75 meters of von Braun’s 
concept. A 1 g station would thus need to be extremely large, far larger than those envi- 
sioned by the early space pioneers. 

Moreover, a rotating station would need to be carefully balanced to ensure stable grav- 
ity levels. The rotation is inherently around the station's center of mass, so if too much 
mass (onboard equipment, instrumentation or supplies) is loaded on one side of the sta- 
tion, the center of rotation would shift, resulting in a wobbling motion and a roller coaster 
ride for the astronauts inside. Even the movement of the astronauts themselves inside the 
station could cause it to become nauseatingly unbalanced, especially in case of a relatively 
flexible inflatable station. 

By the 1970s, telecommunications, navigation, Earth observation and astronomy 
could all be done better, more efficiently and for far lower costs by unmanned space- 
craft. All that was potentially left for a crewed station to do was to act as a microgravity 
laboratory, as a staging base for manned missions beyond Earth orbit, or as a servicing 
point for satellites and ‘space ferries’ cycling between lower and higher orbits. Given 
the financial and political realities of that time, it was also clear by then that manned 
interplanetary missions would be decades away, reducing the main role of a space sta- 
tion to that of a microgravity laboratory for experiments with materials, research in 
biological processes, and learning about human physiology in zero-gravity in prepara- 
tion for long-duration interplanetary missions. For such purposes, artificial gravity — 
and thus rotation of the station — would actually be detrimental. Moreover, the station's 
role as a microgravity experiment lab would not necessarily require a very large crew. 
The conclusion soon reached was that the need for a very large station with long arms 
or spokes, spinning to generate 1 g of artificial gravity, was no longer obvious, and its 
development increasingly difficult to justify. 

In a study conducted in the late 1960s, a McDonnell-Douglas team did away with arti- 
ficial gravity and overly large crews in their concept for a modular space station. Their 
station, to be put into orbit in the 1980s and powered by a 50-kilowatt nuclear reactor, 
would have a basic mass of some 120 metric tons and provide docking ports for at least 
five additional laboratory modules with a mass of about 14 metric tons each. The crew 
would consist of 20 people, with a half-year duty cycle. This concept is not dissimilar to 
today's modular ISS, which has a total mass of about 420 metric tons, generates up to 120 
kilowatts of power (using solar arrays) and can house a crew of six. The ISS astronaut and 
cosmonaut crews typically spend half a year aboard per mission. 

The operating cost predictions for the McDonnell study were not wildly optimistic 
either. The engineers estimated the yearly operational costs for the basic station, without 
lab modules, to be $193.1 million a year (note the decimal precision), including the costs 
for launching and returning 20 astronauts every six months. In today's money, this trans- 
lates into some $1,300 million per annum. For comparison, the participating space agen- 
cies spend some $3 billion a year to run the ISS, a station that is a bit larger than the 
McDonnell-Douglas design but has a smaller crew. 

The jobs foreseen for the labs connected to the McDonnell-Douglas 1980s station were 
still very traditional, however, and today appear totally obsolete. They included 
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cartography, agricultural monitoring, forestry, weather forecasting, geographic and ocean- 
ographic studies and so on. All these tasks were mostly being performed by unmanned 
Earth observation satellites by the 1980s. 

While engineers at von Braun’s Marshall Space Flight Center (MSFC) in Houston in 
the 1960s continued working on a 75-meter diameter, 500 metric ton, 1 g ‘Space Base’, 
housing a crew of 75 to 100 people and requiring three Saturn V launches, their plans by 
then no longer seemed in touch with reality. With the fulfilment of Kennedy’s goal in sight, 
NASA’s budget was already rapidly declining. More compact stations with less internal 
volume would have to suffice for the time being. Moreover, this would be all that NASA 
could afford in the near future. 

Indeed, the stations actually launched in the 1970s and 1980s were far more modest 
than the giant wheel concepts of the two previous decades. The Soviet Salyut | to Salyut 
7 stations (the former launched in 1971 and the latter in 1982) were single-module stations 
launched in one go with relatively modest Proton rockets. Skylab (launched in 1973) was 
basically a converted Saturn V upper stage, put into orbit with the last Saturn V ever 
launched. NASA’s plans for a far larger space station to follow Skylab, one able to house 
a crew of 12 in the second half of the 1970s but eventually to be expanded to a 100-man 
Space Base in the 1980s, never materialized, mostly because Space Shuttle development 
left no funding available for it. 


NASA-S-69-2623 


1969 artistic impression of a NASA concept for a 100-man Space Base. Note the Hubble-like 
space telescope orbiting nearby. [NASA] 
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The Soviet Mir station, for which the first part was launched in 1986, was a modular 
station assembled in orbit from individually launched elements, as was the ISS (of which 
the first element went up in 1998). The future Chinese station, for which the Tiangong-2 
module launched in 2016 appears to be a testbed, will also be a modular system. Mir and 
the ISS were built primarily for microgravity experiments, and most likely this will be the 
focus of the Chinese space station as well. 

Although several 1980s designs for large modular U.S. space stations incorporated 
satellite repair docks and hangars for auxiliary spacecraft, none of these ideas were 
retained in the eventual ISS (although ideas survived that wanted to use the ISS for 
limited servicing of spacecraft; see the description of the XEUS satellite concept in 
the next chapter). 

A non-rotating zero-gravity station is much easier to expand gradually than a 
rotating one, with additional modules being docked over time without too much dif- 
ficulty. While a spacecraft may be able to dock at the hub of a rotating station, the 
addition of a large module at the outer rim would require the station to be temporarily 
stopped. In practical terms, an artificial gravity station needs to be mostly complete 
before it can be spun up and made operational, while a zero-gravity station can be 
completed over many years, as was the case for Mir and the ISS. That means that the 
required budget can be spread out over a long time, so that the yearly impact is lim- 
ited, and it enables a far more flexible construction schedule (for the ISS, whole 
modules that were originally planned never materialized, but this did not really affect 
the overall station program). 

The modular concept of the ISS also allowed the different contributing nations and 
agencies to build their own modules and add them when ready. Importantly, the modular 
space station concept was compatible with the Space Shuttle, which lacked the enormous 
capacity in both mass and volume of the Saturn V but promised low-cost, regular access 
to low Earth orbit (LEO). 

The lack of spacecraft servicing activities on the ISS improved the quality of its micro- 
gravity environment for experiments, saved money on the development and launch of the 
necessary facilities (let alone spacecraft that would be compatible with servicing at the 
ISS), and meant that a relatively small crew would suffice. Experience with earlier sta- 
tions, particularly Mir, had already shown that maintenance, experiments and necessary 
physical exercise left the astronauts little time for additional activities, especially ones that 
would have required complex spacewalks which themselves inherently involve much 
planning and preparation time. 

With the ISS, we now have a large space station, but not one as von Braun envisioned. 
It is far smaller, less capable, and has limited abilities for telecommunications, Earth 
observation and astronomy. Nor is it intended as a “base camp’ for interplanetary mis- 
sions. Its critics state that the station’s abilities as a microgravity laboratory are actually 
also fairly limited, with the small crew needing to spend most of their available time on 
station maintenance and physical power training to be able to adjust back into Earth's 1 
g environment at the end of their mission. With regard to human physiology experiments, 
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the small crews offer a rather limited base of test subjects, whereas medical tests on Earth 
typically involve groups of tens or even hundreds of people. As a result, the number of 
bio-technical discoveries made onboard the station (or even by human spaceflight in gen- 
eral) is rather modest. 

The McDonnell-Douglas team who designed the previously mentioned modular station 
for the 1980s also drafted a much larger concept for the 1990s and beyond. This was to be 
a 400-person microgravity factory for medicines, biological research and advanced mate- 
rials, such as alloys made from metals that are difficult to mix on Earth because one floats 
on top of the other in 1 g, and perfectly grown crystals. But the high expectations still 
prevalent in the 1980s for the discovery of new medicines and materials enabled by micro- 
gravity have not materialized. No major company currently has any plans to establish a 
zero-gravity factory. 

Several Earth observation and astronomy instruments have been added to the ISS to 
make use of the already available services it offers (such as power, attitude control and 
astronauts to put things in place), but these could, in principle, have flown on board 
unmanned satellites as well. For the individual experiments, use of the station means 
lower costs because no dedicated satellite platform is required, but when considering the 
huge costs of the build-up and operation of the ISS, this can hardly be deemed an efficient 
use of financial resources. For many instruments, the orbital altitude and inclination of the 
ISS is not ideal either. 

Most modern plans for interplanetary missions also don't need a space station as a start- 
ing point, at least not one in LEO. Currently, about the only scheme being taken seriously 
is ESA's interest in a small station near the Moon to support a lunar base. 

Interest from private companies in using the station to develop new materials, med- 
icines etc., is not overwhelming either. It is little wonder that the space agencies 
involved in the ISS today mostly promote the station as a tool for learning how to live 
in space, rather than as a laboratory from which we can expect Nobel prize winning 
discoveries. They would be hard pressed to defend the $165 billion investment on 
research output alone. 

In fact, the decision to build the ISS appears to have been mainly influenced by 
geopolitical factors, such as providing work for Russian industries after the collapse 
of the Soviet Union, to prevent their experts and knowledge leaking away to states 
that may use the technical know-how for less friendly intentions. Moreover, after the 
development of the Space Shuttle and without the political will to commit to expen- 
sive interplanetary endeavors, a large Earth-orbiting space station was a next logical 
step for human spaceflight, enabling the continuation of the Space Shuttle program 
in the U.S., the Soyuz missions in Russia, and the more modest human spaceflight 
programs of Europe and Japan. As a big international endeavor in space, the ISS has 
proven to be a great diplomatic tool, and a basis for dialogue between nations that 
have communication issues in other areas (such as today between the U.S. and 
Russia). 

China's current efforts to establish its own space station in orbit appear to be mostly 
driven by geopolitical concerns as well. A space station is seen as a tool to gain 
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international prestige, part of an overall agenda to confirm China's status as one of the 
major techno-industrial powers in the world. China's stated ambitions to land a probe 
on Mars around 2020 and land astronauts on the Moon in the 2030s should also be 
seen in that light. 

Taking this all into consideration, it appears that the future for large wheel stations, or 
in fact any station significantly larger than the ISS, is very bleak. It is not even certain that 
the ISS will be succeeded by any new, less ambitious, U.S. or Russian station at all, pos- 
sibly leaving the Chinese with the only operational space station in the second part of the 
2020s. The next U.S. space station may well be a more modest space tourist orbital ‘hotel’, 
as envisaged by Bigelow Aerospace, and/or a small commercial station for experiments, 
space testing of materials and equipment, and microgravity manufacturing. 

There is thus no clear need for a large-crew 1 g station in the foreseeable future. As 
renowned space historian Roger Launius put it: "While humanity may take pride in estab- 
lishing a permanent presence in space — the seeming task of space stations from the begin- 
ning of the twentieth century — if those stations do not serve as a means to facilitate 
something beyond, one must question their continuation." 

The large, rotating, multi-role space station, as Noordung, Koelle, von Braun and 
others envisioned it in the 1950s and 1960s, appears to have been rendered obsolete by 
advances in spaceflight technology and human spaceflight experience. The best repre- 
sentation of this exciting but unfortunately outdated concept is likely to remain the 
beautiful 300-meter diameter Space Station V in Stanley Kubrick and Arthur C. Clarke's 
2001, A Space Odyssey. 


ISLANDS IN SPACE 


Although plans in the 1970s for large rotating space stations able to house tens of astronauts 
were pushed decades into the future, at virtually the same time — and seemingly inconsistent 
with this — plans emerged for far larger space colonies. Rather than government-operated 
research facilities or bases for further exploration of the solar system, however, these colo- 
nies were envisioned to be permanent habitats, and instead of providing cramped living 
space for a few tens of astronauts, they were to comfortably house tens of thousands or even 
millions of inhabitants. They would not be merely giant space stations, but completely self- 
sufficient, artificial worlds where ordinary people would live and work. The plan was to 
bring about a major next step in the evolution of human society. 

Of all the spacecraft and stations ever seriously studied and contemplated by profes- 
sional organizations and academia, the “Space Island’ concepts of Gerard K. O’ Neill, col- 
laboratively designed by NASA and Princeton University, are surely the largest. To the 
space settlement proponents of the 1970s, these ideas appeared visionary, bold and ambi- 
tious, but considering the spaceflight situation and plans of today, O'Neill's concepts seem 
totally out of touch with reality. 

O'Neill was not the first to contemplate such gigantic orbital colonies, however. It is 
little known that during the 1950s, a Goodyear Aircraft engineer by the name of Darrell 
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The double-wheeled Space Station V of the movie 2001, A Space Odyssey. [MGM] 


102 Space stations and orbital colonies 


C. Romick had already been thinking about them (a fact saved from obscurity by Ron 
Miller in an article for the website “¡09 Gizmodo’). Romick’s 1956 ‘Manned Earth- 
Satellite Terminal Evolving from Earth-to-Orbit Ferry Rockets (METEOR)’ design 
involved a static zero-gravity cylinder just over 910 meters long and 300 meters in diam- 
eter, equipped with laboratories, telescopes, Earth observation equipment and facilities to 
dock, repair and launch rocket ships. To power the colony, the cylinder would be covered 
with solar panels; prescient, considering that most space station concepts of the time were 
based on the use of nuclear power. 


OF 


ONCEPTS 


aa 1959 MY -— 
AERO METEOR — eo a == F 


Evolution of the METEOR space station studies and related reusable launchers. [Goodyear] 


At one end of Romick’s cylinder, a disc of 460 meters in diameter was attached that 
would rotate at two revolutions per minute to provide an Earth-like 1 g level of artificial 
gravity in the outer rim; again, very prescient, considering that the rotational speed limit 
of 2 revolutions per minute was only set in the 1970s based on scientific experiments. The 
disc would have over 80 floors, from its center to the rim, so that on descending towards 
the lowest floor, the gravity level would gradually diminish to zero. Romick envisioned 
that this disc would provide sufficient living space for 20,000 people and all the facilities 
they would require. He expected his colony design to be “capable of providing safe, com- 
fortable living accommodations similar to those on the ground for thousands of inhabit- 
ants, as well as affording them recreational facilities and cultural experiences not available 
on Earth. The view from the living-room window would be sensational...” 
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Two decades later, the new Space Shuttle’s early promise of routine, low-cost access 
to space, together with rising concerns about humanity’s impact on the environment 
and the energy crises of the 1970s, brought about renewed interest in space colonies. 
Space colonization proponents sought to create room for the expanding industries and 
rapidly growing population by moving them off the Earth into space colonies not unlike 
that envisioned by Romick. No doubt the gigantic space habitat described by Arthur 
C. Clarke in his famous science fiction book of 1973, Rendezvous with Rama, only 
helped to fuel the interest. 

Rather than accepting the gloomy future predicted by the famous Limits to Growth 
study of 1972 and the general skepticism towards technology that took hold in the 1970s, 
American physicist Gerard O'Neill wanted to offer a highly technical solution that 
would make life better for everybody, both on Earth as well as in space; not by trying to 
save the last remnants of Earth’s biosphere by moving them into space, as depicted in 
the 1972 movie, Silent Running, but by freeing our planet from pollution, overpopula- 
tion and poverty. 

In space, he believed, there would be no limits to growth. It offered limitless amounts 
of free energy from the Sun, ample amounts of raw materials from the Moon and aster- 
oids, literally all the space needed for any infrastructure imaginable, and an infinite 
‘waste reservoir’ for the “unlimited disposal of waste products and safe storage of 
radioactive products,” as a 1966 NASA paper put it. Such abundance would mean an 
end to poverty and the freedom for everybody to live the life they wanted, while the 
new ‘frontier’ challenge was expected to provide the societal energy and optimism 
needed for humanity to thrive. 

Also noting that humanity was living on a nuclear time bomb due to the Cold War 
tensions and the proliferation of nuclear weapons, O'Neill stated in a video recording 
that: "These are the most dangerous decades in all of human history. [But] once there 
are ordinary, living, breathing human beings, along with their animals, their plants, 
their food crops and so on, building biospheres of their own, expanding farther and 
farther away through the solar system, and eventually out to the stars themselves, the 
human race will be truly unkillable. And I think at the deepest level that has to be our 
motivation." 

Space colonists would build their first space island homes from lunar material, then 
generate income by building progressively larger colonies for new planetary emigrants 
and constructing Space Solar Power satellites for sending electrical power to Earth. 
These vast satellites would collect sunlight in space, before it was tempered by the 
Earth's atmosphere, then transform it into microwaves and efficiently beam it down 
through the air and clouds to antenna systems on Earth. There, the energy would be 
converted into much needed electrical power. Profits from this business would be 
invested in the construction of new space colonies, making it possible to offer indepen- 
dent ‘islands’ in space to any group of people wanting to govern themselves and pursue 
their own way of life. Such virtual independence from Earth would enable new, *liber- 
ated' societies, an idea that held great attraction for many of the hippy generation 
interested in new forms of society and communal life. 
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Unique to O'Neill's approach, at least at the time, was that he took the space coloniza- 
tion idea out of the realm of science fiction through the application of engineering princi- 
ples and calculations. There were numbers to back up the dreams, with lists of assumptions, 
options, logical chains of thought, schematics and cost estimates. 

O’Neill’s space colony ideas grew out of a question he posed to his freshman physics 
students at Princeton University in 1969: “Is the surface of a planet really the right place for 
an expanding technological civilization?" The work his students performed during a seminar 
on this question strongly indicated that the answer was *No'. O'Neill continued to work 
further on the ideas his students came up with and summarized the results in a paper entitled 
The Colonization of Space, which, after four years of rejections by various journals and 
magazines, was finally published by the magazine Physics Today in September 1974. In his 
paper, O'Neill tried to convince his readers that gigantic space colonies, spinning pressur- 
ized spheres or cylinders creating an Earth-like, 1 g environment on their inner surface, could 
solve many problems facing modern civilization: “If we begin to use it soon enough, and if 
we employ it wisely, at least five of the most serious problems now facing the world can be 
solved without recourse to repression: bringing every human being up to a living standard 
now enjoyed only by the most fortunate; protecting the biosphere from damage caused by 
transportation and industrial pollution; finding high quality living space for a world popula- 
tion that is doubling every 35 years; finding clean, practical energy sources; preventing over- 
load of Earth's heat balance.” 

The paper drew much interest, as did a related, two-day conference O’Neill orga- 
nized in Princeton in May 1974, simply entitled First Conference on Space Colonization. 
In the following years, O’Neill organized a much larger conference entitled Princeton 
University Conference on Space Manufacturing, led studies on space habitats and 
space manufacturing at NASA’s Ames Center, testified to the House Subcommittee on 
Space Science and Applications, and appeared before the Senate Subcommittee on 
Aerospace Technology and National Needs. He also founded the non-profit Space 
Studies Institute to research space manufacturing and settlement technologies, funded 
by private donations. 

The idea for Space Solar Power generation, or Solar Power Satellites, was developed 
almost in parallel with O’Neill’s space settlements. Having been introduced by Dr. Peter 
Glaser in the early 1970s, the idea led to an extensive and very serious study by NASA and 
the U.S. Department of Energy, called the ‘Satellite Power System Concept Development 
and Evaluation Program’, which ran from 1977 to 1981 (more on this in Chapter 5, ‘Super 
Satellites; Space Solar Power’). The marriage of space colonization and Space Solar 
Power seemed to make perfect sense. Solar Power Satellites would require vast construc- 
tion sites and a very large workforce in space, which space colonies would be able to 
provide. Building powersats to provide Earth with clean, virtually unlimited amounts of 
energy would then generate income for the space colonies, making them economically 
viable and potentially independent from Earth. A win-win situation. 

In short, O’ Neill seemed to be on to something big, the next lofty goal for a nation seek- 
ing a new meaning for humanity in space after the Space Race of the 1960s. It was more 
in line with the increased environmental and social sensitivities of the 1970s and "Age of 
Aquarius" thinking, as well as the political urge to use space for profitable industrial devel- 
opment (an idea that heavily influenced the development of the Space Shuttle). 
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In 1977, O’Neill published a popular book, The High Frontier; Human Colonies in 
Space, which explained his ideas to the wider public. O”Neill presented space as the next 
frontier, an area waiting to be settled by ordinary but adventurous people, like the American 
frontier of previous centuries. On an even more philosophical level, O'Neill saw human 
expansion into space as part of the natural tendency of life to expand into new ecological 
ranges, like amphibians conquering the land. 

For the practical implementation of his lofty goal, O'Neill proposed three, progressively 
larger, space colony designs. The first was based on a concept already outlined in a 1929 
book by scientist John Desmond Bernal, involving a hollow, spherical space colony filled 
with pressurized air, 16 kilometers in diameter and able to house 20 to 30 thousand people. 
O’Neill’s Island One was a heavily modified version of this ‘Bernal Sphere’, with a more 
modest diameter of 500 meters (still humongous by any space station standards) and a 
population of about 10,000. Rotating at close to two revolutions per minute, the recently 
accepted rotational limit, it would have 1 g artificial gravity at its equator, enabling inhabit- 
ants to live on the inside of the sphere in Earth-like conditions; a kind of inside-out planet. 

At the equator, it would seem like you were living in a smoothly curved valley, except that the 
hills around you would keep going up indefinitely and meet overhead. Towards the rotational 
poles of the sphere, gravity would gradually diminish as the effective radius reduced. Sunlight 
would be reflected into the sphere by an outer ring of mirrors high above the equator, directing 
light to two secondary rings of mirrors around each of the poles, which in turn would reflect the 
light through giant mirrors into the sphere. Tubular rings for agriculture would extend from each 


Artist's impression of Island One, an enormous ‘Bernal Sphere’ space colony designed by 
O'Neill and his collaborators at NASA Ames. [NASA/Rick Guidice] 
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A look inside Island One, which in this artist’s depiction features a rather idyllic landscape. 
[NASA/Rick Guidice] 


pole like stacks of bicycle tires, above which radiator panels and solar arrays would extend from 
a long axial tube, capped by attached factories and spaceship docking facilities. 

Island Two, also called the Stanford Torus as it was the result of a NASA study at 
Stanford University, would resemble the classical wheel-shaped space stations discussed 
earlier, except this one would be 1.8 kilometers in diameter and house 140 thousand peo- 
ple. An equally gigantic mirror would hang above the torus to reflect sunlight onto an 
angled ring of secondary mirrors around the hub, which would then reflect the light into 
the habitat through large windows above the heads of the population living on the inside 
of the outer rim. Housing and agriculture would share the available space in the ring, 
resulting in a population density equivalent to that of a typical suburb. An estimated 10 
million metric tons of material would be needed for an Island Two colony, of which 95 
percent would be material for a 1.7-meter-thick cladding to shield against harmful radia- 
tion from the Sun and galactic space. When you consider that the International Space 
Station has a mass of ‘only’ 420 metric tons, it gives an idea of the astonishingly huge 
amounts of material that were contemplated for this structure. 


Artist's impression of /sland Two, with a similar space colony orbiting nearby. Note the size 
of the Shuttle, giving an idea of the sheer scale of the concept. [NASA/Don Davis] 


The interior of [sland Two, with typical 1970s-styled futuristic architecture. [NASA/Don 
Davis] 
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Island Two under construction. [NASA/Don Davis] 


The 2013 science fiction film Elysium depicts a space colony that strongly resembles 
Island Two. However, in the movie the colony is a safe haven for the rich, an escape from 
a thoroughly messed up Earth. This is quite the opposite of what O'Neill had in mind, who 
wanted space colonies to be for everybody so that the Earth would be spared from over- 
population, pollution and depletion. 

O’Neill’s concept for Island Three was for cylinders some 6.4 kilometers in diam- 
eter and 32 kilometers long. They would be mounted in pairs, connected at one end via 
a bearing system and counter-rotating to cancel out any gyroscopic effects that would 
otherwise make it difficult to keep the behemoth colony properly aimed towards the 
Sun. By varying the rotation speeds of each cylinder and pushing them away or pulling 
them towards each other, rotational and precession motions could be induced to aim 
the assembly towards the Sun. Petal-like hinged mirrors would reflect sunlight into the 
cylinders, whose interiors would have alternating strips of land and windows. Different 
sun angles could be obtained by tilting the mirrors, replicating natural day and night 
cycles and providing the ability to regulate the balance between solar heat reflected in 
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and heat from the colony radiated out into space. Each cylinder’s shell structure and 
layer of air inside would offer sufficient radiation shielding by themselves, even with 
the air pressure at half that of the Earth’s surface to save on the amount of air needed 
and reduce pressure loads on the cylinder shell. 

For environmental control, O’Neill’s colony designs were basically giant green- 
houses, in which the use of plants and machinery were combined to sustain a friendly 
ecosystem. Plants would convert the carbon dioxide exhaled by people and animals 
into oxygen, while water, nutrients and other consumables would also be recycled. 
Ideally, the colonies would form closed ecosystems, mini versions of that of the Earth 
itself. Around the non-connected end of each Island Three cylinder would be a large 
ring of agricultural modules, each with the ideal environment for the specific plants 
growing inside. 

Each cylinder would be able to house some ten million people comfortably. According 
to O’Neill’s predictions in the mid-1970s, the technology to make this happen would be 
available by the early 21st century. The 2014 film Interstellar depicts a space colony, 
“Cooper Station’, that seems to have been based on the Island Three concept. 


An Island Three assembly of two cylindrical habitats. [NASA/Rick Guidice] 
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The view from the inside of an /sland Three cylinder. [NASA/Rick Guidice] 


Although launch prices were expected to drop dramatically once the Space Shuttle 
became operational in the late 1970s (which, as we saw earlier, was not the case), O'Neill 
understood that even so, hauling all the necessary building materials up from the Earth's 
surface would be highly impractical. With a launch price estimated at only $100 per kilo- 
gram, two orders of magnitude lower than what it currently costs to launch things from the 
Earth into a high orbit, it would still have cost a thousand billion dollars to get all the mate- 
rial for Island Two on site, without even taking into consideration the launch costs for 
construction spacecraft, energy generators, housing for the construction crews and so on. 

Aware of this, O'Neill instead proposed extracting the bulk of the necessary material 
from the Moon, where the low gravity and lack of atmosphere would make it possible to 
launch the raw materials into space using an electromagnetic acceleration rail system, a 
so-called Mass Driver. The material would then be caught and gathered at the Lagrange 2 
point, a location close to and behind the Moon, where the gravity of the Earth and the 
Moon balance each other in combination with their orbital motion around the Sun. At 
Lagrange 2, objects can remain in a fixed position with respect to both the Moon and the 
Earth, although this Lagrange point is unstable in that, without corrective propulsion 
maneuvers, objects will eventually drift away. 
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From Lagrange 2, or L2, the material would then be flown to L4 and/or L5, two other 
Lagrangian points which are further away, but with a perpetual view of the Moon, the 
Earth and most importantly the Sun. In contrast to L2, both L4 and L5 are stable, so that 
objects placed at these locations can be made to stay there indefinitely without effort. L4 
and L5 were the chosen sites for O'Neill's space colonies, where the lunar raw materials 
would be processed to provide the building materials necessary for the gigantic habitats, 
as well as the solar power satellite factories. Asteroids could be mined as well, leaving 
relatively little to be launched up from Earth. 


Artistic impression of a lunar mining base supporting space colonization. Note the long mass 
driver used for shooting lunar material into space. [NASA] 


O'Neill stressed that, as was the case with earlier ‘frontiers’ in history, the most impor- 
tant settlers of the space colonies would be ordinary people, not the rich and famous and 
not just a few professional astronauts. O’Neill’s plans resonated with a large audience, 
ranging from space engineers to advocates of new, utopian forms of society. People were 
enticed by the opportunity to participate personally in space colonization and the social 
experimentation that would be enabled by housing large groups of people in relative isola- 
tion from Earth. Environmentalists saw the possibilities of moving humanity and industry 
into space, leaving the Earth a protected wilderness free from pollution and abuse. 
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In 1975, the L5 Society was founded to promote O'Neill's space colony ideas, and 
quickly grew to amass some 10,000 members. As expressed by their slogan “L5 by ‘95,” 
the Society vocally advocated space colonization as something that could and should be 
realized in the near future, and its members personally expected to live in space before the 
end of the century. They regarded the building of a space colony not merely as a space 
project, but as a watershed in human history and the evolution of society. The ultimate 
goal of the L5 Society was to disband itself at a mass meeting in an actual space colony, 
when their efforts would have finally paid off. 

In 1977, a NASA summer study run by O'Neill and L5 Society enthusiasts showed how 
a small fleet of Space Shuttles and Shuttle-derived heavy-lift launchers, making 80 and 60 
launches per year respectively, could support the development and operation of a lunar 
mining facility, a rotating Solar Power Satellite manufacturing facility for 3,000 workers, 
and the other necessary infrastructure. The cost per flight of the heavy-lift launcher and the 
Space Shuttle was estimated at about $20 million in 1975 dollars, equivalent to $90 mil- 
lion today (and thus, in hindsight, at least a factor of ten too low). The study concluded that 
the project could begin in 1980 and have three 10 gigawatt Solar Power Satellites (each 
requiring some 100 square kilometers of solar cells, more than the surface of Manhattan 
island) in operation by 1992, thus serving to show “that a space manufacturing enterprise 
is logistically feasible in the Shuttle era, albeit with significant technical risks in such an 
aggressive program." 

The total investment for the period 1980 to 1992, when the third Solar Power Satellite 
was expected to be sold, was estimated to lie between $50 billion and $100 billion in 1977 
dollars, equivalent to about $200 to $400 billion today. This seems an incredibly high 
amount, until you consider that the upper limit of this estimate is less than three times what 
it has cost to build up and operate the ISS up to 2016. Today, we would consider it a rather 
good deal for the impressive list of elements the study participants imagined could be 
bought for this amount: a lunar mining and launching base to deliver raw materials into 
space; a catcher to collect those materials; a space manufacturing facility; a staging base in 
LEO as the interface between the Earth-launch vehicles and the inter-orbital vehicles (about 
1.5 times the mass of the ISS but somehow able to house 48 people, whereas the ISS can 
handle only about six!); habitats at each of these locations and logistical support for the 
entire operation. This logistical support would have involved Earth-launch vehicles (Space 
Shuttles with passenger modules and the Shuttle-derived heavy-lift launchers), a fleet of 
slow inter-orbital vehicles to transfer cargos between various space facilities, faster (but less 
efficient) transportation for people, and lunar transfer vehicles to land cargo on the Moon 
and transport people between the Moon and the catcher station. In addition: “the enterprise 
must have a large infrastructure on Earth to provide administration and control, recruitment 
and training of personnel, coordination of research and development activities, procure- 
ment of material and services, and marketing of solar power satellites and maintenance 
services for them." Even with launch prices as low as they were expected to be in the mid- 
1970s, the study's cost estimate for the entire operation appears wildly optimistic. 

Another important issue was that launcher reliability was completely ignored. The 
scheme presented involved some 244 Space Shuttle flights over the period 1985 to 1990, 
and 420 unmanned heavy-lift launcher flights between 1987 and 1990 (by which time a 
new Single-Stage-to-Orbit vehicle was envisioned to replace both the Space Shuttle and 
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its derived cargo launcher). As we now know, the Space Shuttle suffered two catastrophes 
over the 135 flights of its career: Challenger during launch in 1986 and Columbia during 
re-entry in 2003. This represents a rather dismal loss rate of 1.5 percent that is far higher 
than was anticipated by NASA in the 1970s. If airliners had similarly poor reliability, we 
would see an unsustainable 1,500 crashes every single day. 

Based on this statistic, the powersat space manufacturing plan of the NASA summer 
study could have expected to lose between 3 and 4 Shuttles and crews over the five-year 
construction period, which would hardly have been acceptable. This does not even take 
into account the number of astronauts that would likely be lost during transits between the 
various orbital locations and the Moon, and during construction work. Spacewalking is a 
relatively high-risk activity, even today. In addition, some 6 of the 420 heavy launchers 
and their cargo may also have been lost, although that is something that could have been 
considered in the logistics plan without too much of an impact. 

The designers of the NASA summer study plan warned that “the feasibility of under- 
taking such a program in the public sector or along conventionally organized lines in the 
private sector has not been addressed here,” and this, of course, is the most crucial and by 
far the weakest point of the whole concept. It is hard to imagine creating a credible busi- 
ness plan even on the optimistic numbers of the study, let alone on more realistic cost 
estimates, given the vast amounts of money that would need to be invested and the serious 
financial risks involved. It is also quite unimaginable that any government would initiate 
such a space colonization program funded by public (tax) money. 

The schedule is also outrageously unrealistic. In reality, the whole scheme would most 
likely not begin to make any money for two decades or so, and with current launch prices, 
realistic costs of what it would take to develop crewed space hardware, and today’s energy 
prices, the venture would be highly unlikely to become profitable at all; not in the 1990s, 
not today, and not in the foreseeable future. 

In chapter eight of his book The High Frontier, O'Neill presented a financing and logis- 
tical evaluation for Island One, based on infrastructure logic and assumptions similar to 
those used in the NASA study, but with higher numbers, since /sland One would be con- 
siderably larger than the summer study's solar power satellite factory. The game-stopping 
issues we can identify now are therefore unfortunately the same, but loom even larger, and 
the same can be said for the various updates of the [sland One concept, like the Lewis One 
colony of the early 1990s and Kalpana One of the mid-2000s. 

Today, in the early 21st century, we have six people living in the ISS, rather than tens 
of millions in [sland Three-type colonies at L5. An assembly of two Island Three colonies 
would have a combined inner surface of some 1,280 square kilometers. It would be like 
cutting up the city of Denver into two strips of land and bending these to form two cylin- 
ders, to be put into space to act as the basis for the production of a series of Manhattan- 
sized solar power satellites. Quite literally beyond belief. 

The most immediate and crucial death knell for the L5 Society's ambitions was, per- 
haps inevitably, the combination of a far lower than expected launch rate for the Space 
Shuttle and the much higher than promised launch costs. When the Shuttle became opera- 
tional in 1981, it quickly became obvious that the actual costs per flight would exceed $1 
billion, rather than stabilize at $100 million or less as advertised. 


114 Space stations and orbital colonies 


Schematic of Island One, O’Neill’s smallest space colony concept, comparing its size with 
the Empire State Building, the Great Pyramid of Giza, Saturn V, a classic ocean liner and a 
large zeppelin. [Space Studies Institute] 


Another major set-back was the conclusion of the U.S. Office of Technology’s 
assessment in 1980 that the technology for Solar Power Satellites was far from suffi- 
ciently mature and that the risks involved were far too high to start serious develop- 
ment of a Space Solar Power system. No more funding was made available and the 
combined NASA/DoE program was therefore concluded in 1981, in spite of vigorous 
opposition from, and lobbying by, the L5 Society. The far higher than anticipated 
launch costs also directly affected the prospects for Space Solar Power, of course, 
which could no longer be economically justified given such high launch prices, even 
under the most optimistic assumptions and with or without O’Neill space colonies to 
support their production. 

The claims of space settlement and Space Solar Power advocates in the 1970s that 
all the required technology for their dreams was already available were of course rather 
far-fetched. Yes, we have known how to land on the Moon since 1969, but landing a 
small spacecraft and having two astronauts live in it for a few days does not mean you 
can readily scale up the technology to what would be required for a permanent lunar 
mining settlement. We know how to mine on Earth, which is dangerous enough, but 
doing the same on the Moon, in vacuum, pounded by harsh radiation, and with surface 
temperatures ranging from minus 150 degrees Celsius at night to plus 120 during the 
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day, is a very different proposition. Likewise, a space station housing a few profes- 
sional astronauts for six months at a time cannot form the technological basis for the 
development of an independent, closed-ecosphere, permanent space residence for tens 
of thousands of “ordinary” people. 

Aside from this, the basic technologies necessary to beam gigawatts of energy from 
satellites to the Earth’s surface, or to set up and sustain closed, stable ecological systems 
that mimic that of Earth (as the Biosphere 2 experiment tried, but dramatically failed to 
do), or to launch people routinely into orbit at low cost, do not exist even today, let alone 
in the late 1970s. 

While the environmental problems of our planet are becoming more severe, it does 
not look like life on Earth is going to become totally unbearable any time soon. We 
have not, in fact, run out of resources, partly because we have found new supplies but 
mostly because we found substitutes, right here on Earth. Scarce materials can be recy- 
cled. And while a 1976 NASA paper entitled The Next 25 Years: Industrialization of 
Space claimed that the energy demand of the industrial world “will reach near-critical 
proportions over the next 25 years,” 40 years later, we are still doing fairly well. The 
paper forecast that U.S. power generating capacity would triple before the end of the 
century, but in reality, it had not yet doubled in 2000 with respect to 1976. We are 
beginning to derive more and more energy from the wind, water and the Sun, with far 
cheaper and less difficult to implement technology than required for space colonies and 
gigantic powersats. 

That same 1976 paper mentioned that of all the computer chips produced, only eight 
percent were usable, before claiming that if they were made in microgravity conditions 
in space, the yield could be increased to 35 percent. But terrestrial chip production had 
far from reached its technological limits in the mid-1970s and today, the yield for 
ground-based production is already typically around 35 percent or better, and no com- 
puter chips are yet made in space. The paper also stated that costs for urokinase, an 
enzyme used in vital medicines, would be over six times lower if produced from space- 
processed enriched material. Today, the price for this enzyme has already dropped to a 
fraction of what was claimed for the ‘produced in space” variety in 1976, adjusted to 
current economic conditions. 

In 1976, NASA also saw the need for a “Public Service Platform,” effectively a tele- 
communications satellite so large that a Space Construction Base would be required to put 
it together. Using antennas up to 180 meters in diameter, this platform would enable voice 
and data communications with “ground user radio sets no larger than a ‘Dick Tracy’ wrist- 
watch radio.” Today’s smartphones do this and more using mostly terrestrial networks, 
with no in-orbit construction needed. 

The bottom line is that there are still plenty of solutions to be found for Earth’s 
problems, many right here on the ground, without reverting to gigantic space settle- 
ments and factories. 

Even in the 1970s, O’Neill’s plans were being criticized by some environmentalists 
as not addressing the fundamental, moral problem, which is that we should learn to live 
sustainably on Earth itself rather than try to solve our problems with highly 
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technological space solutions that no-one could be sure would even work. The harshest 
critics even stated that space colonization would discourage us from solving our prob- 
lems on Earth, because it would offer an easy escape, if not in reality than at least mor- 
ally. Today, and at least for the near future, the idea that we should focus on solving 
sustainability issues right here on Earth instead of pouring vast amounts of resources 
into space colonization seems rather reasonable. 

It is also questionable whether space colonies would really offer the utopian life that 
the vintage space colony artistic impressions depicted. Taking into account the vast 
investments and running costs of a space colony, their habitable surface would have a far 
higher cost per square meter than any land on Earth. Rather than offering roomy, free- 
standing houses with lush gardens, it is thus more likely that the use of every square 
centimeter of available surface would be optimized, resulting in a high population density 
and cramped apartments. 

And if we take as reference life in ‘settlements’ in naturally hostile environments 
today, such as aboard nuclear submarines, offshore oil rigs and in the ISS, it is likely 
that an extremely organized, even semi-military society of highly trained experts 
would be needed to ensure that life in a space colony would remain safe and sustain- 
able. Instead of free social experimentation, space colony life could well lead to 
exactly the type of totalitarian, repressive regimes that O’Neill aimed to avoid by 
providing humanity the opportunity to expand into space away from an over-popu- 
lated, over-regulated Earth. 

The “L5 by ‘95” meeting is not likely to happen even in 2095, and indeed the L5 
Society no longer exists as such. In 1986, it merged with the larger National Space Institute 
to form today’s National Space Society, which still has space colonization aspirations but 
focuses on more realistic near-term goals. Likewise, the “Space Industrialization Program’ 
advertised in the NASA paper of 1976 never materialized. 

O’Neill died prematurely in 1992, but his dream of space settlement and utilization 
lives on. Even if his ideas for space colonies cannot be implemented in the foreseeable 
future, in the words of Isaac Asimov, he “changed our way of thinking of space, of space 
habitats, of the Moon and Sun as resources.” The efforts of the L5 Society and space advo- 
cate groups with similar ideas did help with accepting and establishing today's private and 
commercial ‘NewSpace’ initiatives, such as those of SpaceX, Bigelow Aerospace and 
Blue Horizons. Also, the concept of ‘in-situ resource utilization, or ISRU, i.e. the use of 
materials available in space rather than hauling everything from Earth, is now a common 
feature in NASA plans for lunar bases and human Mars missions (if not at the scale O'Neill 
had in mind). 

The concept of expansion into space to escape the confines of our planet and possible 
catastrophes on Earth remains a driver for space settlement plans, be it free-floating space 
habitats, Mars colonization or interstellar spaceships. Meanwhile, the dream of establish- 
ing islands in space still lives on, as exemplified by the aspirations of the National Space 
Society and movies like Elysium and Interstellar. 
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Gerard K. O'Neill, demonstrating his prototype mass driver. 


ASTEROID MINING 


Today, asteroid mining enthusiasts again point to the high economic value of those metals 
that are rare on Earth but abundant on some asteroids. Whoever could manage to mine 
these and bring them back to Earth could potentially make a fortune; or just as likely go 
broke, because the costs of bringing those materials back will be very high. An increased 
availability of rare materials also typically lowers their market value, of course, similar to 
what often happens with the price of oil, and the reason that large reserves of diamonds are 
kept off the market to keep prices up. Our current level of acquired knowledge on asteroids 
also indicates that the number which are both rich in rare metals like platinum and rho- 
dium, and sufficiently close to Earth, may be rather low. Estimates by astrophysicist 
Martin Elvis in 2014, based on the size, composition and orbit of known asteroids, indicate 
that the number may be as low as ten. 

At least one of the companies planning to mine near-Earth asteroids realizes this as 
well: Deep Space Industries intends to use asteroid resources in space rather than returning 
them to Earth, by using their metals to construct spacecraft and stations, and converting 
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their water ice into hydrogen and oxygen propellant for spaceship propulsion. Essentially, 
they want to turn asteroids into space supply depots. The success of such a venture heavily 
depends upon having a sufficient number of clients out there, and having other companies 
needing to build large structures in space and refuel their (interplanetary?) spacecraft. 
Rather like the situation Krafft Ehricke wishfully expected to be the case in 2001, follow- 
ing his ‘Extraterrestrial Imperative’ of 1966. 

Asteroid mining seems to be a business that will require huge investments, in technol- 
ogy development and infrastructure build-up, both in space and on Earth, while the ques- 
tionable pay-off will be relatively far into the future. It is too questionable and too far off 
for most large investors. Just as energy companies do not seem to be very interested in 
investing in space Solar Power Satellites, so the established mining companies are not 
trembling with excitement to put money into asteroid mining. As a consequence, no major 
aerospace company is currently putting much effort into developing the required technol- 
ogy and systems. 

The few U.S. companies who are working to make asteroid mining a reality, Planetary 
Resources and Deep Space Industries, did manage to get legal clarity on the question of 
whether they could actually own and sell asteroid material, via the “Space Resource 
Exploration and Utilization Act’ that President Obama signed in 2015 which gives U.S. 
companies permission to mine and own celestial bodies. The United Arab Emirates and 
even Luxembourg are currently preparing similar space mining legislation, with the latter 
also announcing a budget of two million Euros in 2016 for the development of the neces- 
sary technology in order to attract space mining companies to the country. None of the 
companies has yet revealed any detailed business plans, nor designs for the large-scale 
equipment required to mine and process asteroid material. For now, their websites depict 
only fanciful artistic impressions. 

Interestingly, some current opposition to asteroid mining echoes the objections to space 
colonization in the 1970s, namely that it is an excuse for not changing our wasteful econo- 
mies on Earth, and that the false promise of vast new resources in and from space distracts 
us from getting our act together on our own planet through recycling, renewable energy 
and pollution control. 
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Super satellites 


A space encyclopedia, put together by various space experts in 1966, stated: “No electronic 
device, however sophisticated, can compare to the adaptability and resourcefulness of 
mankind. It is therefore certain that the various functions of satellites for practical applica- 
tions will one day be incorporated into manned space stations.” This illustrates how 
unmanned satellites were generally seen in the 1960s as mere stepping stones towards 
large, multifunction space stations, onboard which astronauts would busy themselves with 
Earth observation, weather forecasting, telecommunication services, astronomical obser- 
vations and the frequent repairs that were deemed inevitable. 

Satellites only came out from the shadow of manned spaceflight in the early 1970s, 
when the time of huge government space budgets had passed. By then, it was pretty much 
established that many of the missions in Earth orbit that pioneers like von Braun had 
foreseen would require manned space stations could in fact be done more efficiently 
without astronauts. 

This was, for a large part, the result of rapid developments in electronics, which ironi- 
cally had been partly driven by the aggressive manned Space Race of the 1960s. The 
Apollo program, for instance, had led to miniaturized and increasingly capable onboard 
computers and spacecraft equipment for guidance, navigation and orbit control. 

As the decades passed, the potential roles that astronauts might play in routine services 
performed from Earth orbit diminished practically to zero, as satellites became ever more 
effective, autonomous, reliable and long-lasting. That automatic systems would be able to 
function for ten or fifteen years in space without repairs would have been quite a stretch 
for the imagination in the 1950s and 1960s, when cars, washing machines and televisions 
still broke down on a regular basis. People from that era would have been surprised to 
learn that nowadays we expect telecom satellites to last at least a decade, and that some 
space probes launched during the 1970s are still functioning today. 

Even in-orbit servicing of satellites, which was still foreseen to be a job for astronaut 
‘repair men’ during the early Space Shuttle era, is nowadays regarded as unnecessary and 
uneconomical, or is otherwise foreseen to be provided by highly autonomous robotic 
spacecraft. 
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TAKE OUT THE CREW 


In comparison to manned spacecraft, the use of satellites simplifies design requirements 
(no life support equipment, no large living modules, no toilets, no food storage, no air 
cleaning and recycling), lowers operational complexity (no need to supply and periodi- 
cally swap crews), and leads to a much more limited “risk register” because there are no 
astronaut lives to worry about. What's more, not only did the presence of astronauts inevi- 
tably make things more complicated, but their bouncing around in the spacecraft was also 
found to disturb the required pointing stability for high-resolution imaging of the Earth 
and the universe. 

Astronauts also need to eat and sleep once in a while, limiting the amount of operation- 
ally useful time. In contrast, an automated satellite can go on for 24 hours a day, seven 
days a week, over several years. Even though humans are needed for operational planning 
and monitoring, it simplifies things considerably if they can stay on the ground as opera- 
tors rather than be embedded into the space system. Taking humans out of the loop results 
in simpler, cheaper and often also better performing missions, at least in Earth orbit, with 
less serious consequences in case of failures. 

A case in point is the Manned Orbiting Laboratory (MOL), the space station that the 
U.S. Air Force was developing throughout the 1960s and whose main job was to photo- 
graph militarily interesting areas in the Soviet Union. In its last configuration, MOL was 
intended as a single-use, tube-shaped space station, with an integrated Gemini B capsule 
derived from those used by NASA. MOL stations would be launched periodically with a 
two-man crew, and after a 40-day mission, the astronauts would return using their Gemini 
B spacecraft. The main reasons for having people aboard MOL were so that a crew could 
visually check weather conditions over valuable targets and thus avoid wastage of film on 
heavily clouded areas, and that they would be able to make repairs to the complicated 
camera system. 

But the program was cancelled in 1969, with only a single unmanned mock-up having 
been launched, because its projected costs rose too high and because it was determined that 
by then, unmanned spy satellites could meet or even exceed MOL’s observation capabili- 
ties. Satellites were rapidly becoming so reliable that the need for repairs was becoming 
less and less likely, and were in any case not worth the enormous costs of adding an onboard 
crew to the system. Furthermore, developments in the capability of radio-relaying images 
from spacecraft instead of using film return capsules meant that the constraint imposed by 
the onboard supply of film on the number of pictures that could be taken would soon disap- 
pear. Wasting film on overcast areas would then no longer be a concern. 

Apart from taking pictures of the Earth, there was very little that a crew could do 
onboard a space station that had any military relevance, and NASA was already planning 
a civilian space station, Skylab, that would be available for non-military missions. 

The Central Intelligence Agency (CIA) was thus of the opinion that MOL would unnec- 
essarily duplicate the existing reconnaissance satellite programs and that the large invest- 
ments required could not be justified. The CIA also feared that if anything untoward 
happened to a MOL astronaut, MOL missions could be suspended, leaving the nation 
vulnerable without vital military reconnaissance from space. 
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Artistic impression of what the USAF’s Manned Orbiting Laboratory (MOL) would have 
looked like in space, with its Gemini B capsule just departing. [USAF] 


An unmanned spacecraft is typically far smaller and less massive than a crewed version 
for doing the same job. MOL, for instance, would have had a launch mass of about 14.5 
metric tons, a diameter of 3 meters and a length of some 22 meters. Only about half this 
length was taken up by the KH-10 DORIAN camera system. The rest would be needed for 
the astronauts, including the Gemini B, most of the “Living Module’ and the interface 
between the two. 

Even before MOL was cancelled, KH-8 GAMBIT 3 satellites were already providing 
imagery roughly equivalent to what MOL was hoping to deliver on a regular basis. 
The KH-8 was apparently capable of seeing a baseball lying on the ground, although 
reportedly it had to ‘swoop’ down to rather low altitudes to be able to do this, and the 
aerodynamic drag of the tenuous upper atmosphere it thus encountered meant it could not 
do so very often or for very long. But with a mass of only about 3 metric tons, the satellite 
capable of performing this incredible feat was some five times lighter and considerably 
smaller than a complete MOL assembly. In addition, without any astronauts acting as 
media attention magnets, GAMBIT satellites did their job in secrecy. 
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Declassified schematics of both the crewed MOL and an unmanned alternative version. 
[NRO] 


By the late 1970s, the main task intended for MOL was being performed effectively by 
KH-11 KENNAN satellites, which were able to provide images of extremely high resolu- 
tion from a sufficiently high altitude above the Earth’s atmosphere to enable them to oper- 
ate for many years. Unlike its predecessors, including MOL, the KH-11 used electronic 
imaging sensors rather than old fashioned film, and could therefore relay images to the 
ground via radio rather than needing to return film rolls via re-entry capsules (which, in the 
case of MOL, would have been manned). The specifications of the KH-11 are still secret, 
but there are indications that the satellites resembled the Hubble Space Telescope, which 
has a mass of 11 metric tons. This is still a few metric tons less than MOL, and without all 
the complications related to having astronauts involved. 

Interestingly, the Soviet Union did launch several military space stations, designated 
Almaz. These were launched as part of the series of civilian Salyut stations in order to 
deceive the West as to their true military purpose. The Almaz stations included crew- 
operated ‘spy’ cameras, with the cosmonauts on board developing the exposed film 
straight away and relaying TV-scans of the most important images directly to the ground. 
But the Soviets eventually discarded this system and also switched to unmanned recon- 
naissance satellites. 
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The MOL example illustrates why unmanned spacecraft tend to be far smaller and 
lighter than crewed systems. It is at least partly because of this that even the more ambi- 
tious satellite concepts tend to be less outrageous than many of the ideas for manned 
spaceships and space stations. In fact, many of the more radical innovations proposed for 
unmanned spacecraft concern miniaturization, envisioning ant-sized planetary rovers and 
picosatellites doing the jobs that currently require much larger systems. 


HYPERSATELLITES AND STAR SHADES 


Over the relatively short history of spaceflight, several concepts for more substantial satel- 
lites have nevertheless been dreamed up. Interestingly, whereas the most ambitious and 
largest ideas for crewed concepts tend to be among the oldest, many of the ‘super satellite’ 
studies are actually quite recent. 

Without Saturn V-class launchers available, however, these satellite ideas typically 
foresee multiple spacecraft elements that are individually launched and partly operated as 
stand-alone satellites, rather than being single-units. These then combine to form a much 
larger assembly, known as a ‘fractionated spacecraft’, with capabilities that are beyond 
that of any reasonably sized single-unit (‘monolithic’) system. That such concepts have 
only emerged fairly recently is not that surprising, as they typically require spacecraft 
formation-flying technology that has only been developed in the early 21st century. Such 
possibilities apparently went unforeseen until the 1990s, and the term ‘fractionated space- 
craft’ was in fact only coined in 2006. 

Take for instance XEUS, the X-ray Evolving Universe Spectroscopy mission, which 
was an X-ray space telescope that ESA studied in the late 1990s and which was planned 
to be launched by 2010. It would have had a telescope aperture equivalent to the largest 
ground-based optical telescopes. XEUS needed to be launched into space, orbiting the 
Earth at 600 km altitude, because the Earth's atmosphere prevents x-rays from space 
reaching the ground. However, the giant telescope needed a focal length, i.e. the distance 
between the X-ray ‘lens’ and the scientific detectors, which was so long that it would 
have made the spacecraft much too tall to fit inside an Ariane 5, or in fact any other avail- 
able launcher. 

For this reason, XEUS would effectively have consisted of two separate spacecraft fly- 
ing in formation some 50 meters apart. One would have contained the X-ray mirror and the 
other would have housed the detectors. The detector spacecraft would follow the orienta- 
tion of the mirror spacecraft, using a laser range finder to maintain a relative position to an 
accuracy of +/- one cubic millimeter. 

This formation flying concept would take care of the launcher's payload fairing con- 
straint in terms of length, which is 17 meters for Ariane 5, but would still limit the diameter 
of the X-ray mirror spacecraft to less than 5.4 meters if it was going to fit within the 
launcher. But an innovative solution was found for that problem. After an initial opera- 
tional flight of four to six years, the mirror spacecraft would then rendezvous and dock 
with the International Space Station (ISS). Using the station's robotic arm, astronauts 
would then expand the mirror using a ring of additional X-ray reflecting sections that had 
been flown up by the Space Shuttle, after which the mirror spacecraft would undock, 
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rejoin the detector spacecraft and continue its mission in enhanced form as XEUS-2. 
Subsequent visits to the ISS would then enable maintenance and further upgrades, includ- 
ing outfitting the detector spacecraft with new generations of instrumentation, similar to 
how the Hubble Space Telescope was periodically upgraded through a number of Space 
Shuttle servicing missions. 


XEUS, with the mirror spacecraft on the foreground flying in formation with the detector 
spacecraft behind. [ESA] 


The ring of mirrors added at the ISS would have increased the X-ray mirror’s outer 
diameter to 10 meters and thus the total effective X-ray collection area to 30 square meters. 
Considering the collection areas of the previous generation of X-ray space telescopes 
(which, at the time of writing, are still operational), such as ESA’s XMM-Newton with 0.4 
square meters and NASA’s Chandra with less than 0.1 square meters, XEUS would have 
enabled a quantum leap in X-ray astrophysics. It would have had the ability to detect 
extremely faint and distant X-ray sources and to provide spectral analysis (from which the 
chemical composition of X-ray emitting objects can be determined) with unprecedented 
sensitivity. XEUS would have searched the sky for the first giant black holes that formed 
in the young, hot universe over 10 billion years ago, devouring material to grow to masses 
millions of times greater than that of our Sun. 

However, in the early 2000s, it became clear that the XEUS design was simply too 
complex and too expensive, due to the need for multiple launches (including those by the 
very expensive Space Shuttle), the need to dock with the ISS (especially difficult because 
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XEUS, with the detector spacecraft having re-joined the mirror spacecraft, approaching the 
ISS to be outfitted with an additional ring of X-ray mirror sections. [ESA] 


The European Robotic Arm on the ISS attaching new mirror sections to the XEUS Mirror 
spacecraft. [ESA] 
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of the astronaut safety demands), and the need for extremely accurate automatic formation 
flying. The loss of the Space Shuttle Columbia in February 2003 effectively meant the end 
of the giant expandable XEUS concept, when, as a consequence of the loss, NASA decided 
to retire the Shuttle by 2010. There would have been no Shuttle flights available to trans- 
port the needed mirror segments to the ISS by the time they were built. 

It was decided instead to downsize XEUS to a fixed mirror size that would not require 
in-orbit upgrading. No longer needing to reach the ISS also meant that the spacecraft com- 
bination could now be placed at the second Sun-Earth Lagrangian point, L2, a relatively 
stable, stationary position with respect to the Earth and the Sun at a distance of 1.5 million 
kilometers from our planet. This would have simplified ground-to-spacecraft communica- 
tions, as well as telescope pointing, and meant a far longer non-refueled lifetime, because 
its orbit would no longer be gradually degraded by the tenuous atmosphere still present 
even at 600 km above the Earth. 

Unfortunately, even in this revised form XEUS was still deemed to be too complex and 
costly, and in 2008, it further evolved into a single-spacecraft, the joint ESA/NASA/JAXA 
concept called the International X-Ray Observatory, IXO. This design would have had an 
extendable section to facilitate a focal length of 20 meters, while still fitting into the fairing of 
a single Ariane 5 or Atlas V. When NASA subsequently pulled out because of other budget 
priorities, however, ESA need to simplify the design further into what is now the current 
ATHENA concept (for Advanced Telescope for High Energy Astrophysics). The simplifica- 
tion included discarding the extendable section. ATHENA now roughly resembles the earlier 
XMM-Newton in shape and size, but will have much better X-ray optics and science instru- 
ments. Even though ATHENA is considerably smaller, lighter and simpler than XEUS, it is 
still a large-class mission that represents a major investment and will require a long develop- 
ment. At the time of writing, in 2017, ATHENA is expected to be launched at the end of 2028. 


ESA concept for the International X-ray Observatory (IXO), with its extendable middle sec- 
tion. [ESA] 
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Another ambitious ESA concept that would have required highly accurate formation 
flying was Darwin, a space telescope system first proposed in 1993 that was meant to find 
and characterize Earth-like exoplanets orbiting relatively nearby stars. Darwin would have 
involved several free-flying telescope spacecraft, which were based on the Herschel space- 
craft design actually flown, each with a diameter of up to four meters. These space tele- 
scopes would have gathered light from targeted stars and exoplanets and sent it to another, 
detector spacecraft, where the individual light beams would have been combined and 
directed to various scientific detector instruments. In its original concept, Darwin would 
have had six telescope spacecraft and one detector spacecraft, but the concept was later 
reduced to include only three telescopes. 

In terms of the amount of collected light, the four spacecraft together would have 
acted as a single space telescope, of the equivalent size to that of the three telescope 
spacecraft combined. However, in terms of angular resolution — the ability to distinguish 
details on a star or planet — Darwin would have represented a major leap in capability. By 
spreading out the three telescopes over several hundreds of meters, the angular resolution 
would have been comparable to that of a single telescope of that same hundreds of meters 
in diameter. 

Using three different telescopes instead of a single larger one would have had another, 
highly important, advantage. By slightly ‘delaying’ the star light gathered by the three 
telescopes before it reached the central detector spacecraft (using a technique called ‘null- 
ing interferometry’), the light from the central star could be ‘cancelled out’. The much 
weaker light from any exoplanet, being offset with respect to the star, would inherently 
reach each telescope at slightly different times naturally, and would therefore not be can- 
celled out the same way. Any planet present would therefore emerge from the glare of the 
much brighter star it was orbiting, enabling Darwin to act as a planet detector. 

In planet imaging mode, Darwin would have been able to determine the chemistry of 
an exoplanet's atmosphere, by splitting a planet's light into its constituent colors using a 
spectrometer instrument. It would thus have been able to find the signature spectral lines 
that indicate light absorption by specific gases in its atmosphere, such as oxygen and meth- 
ane, and thus could have found exoplanets that could potentially harbor life. 

The difficulty was that the four free-flying spacecraft would have had to be kept in 
formation with extreme accuracy. The distances between the three telescopes would need 
to be controlled to within a few micrometers, and the distance between the telescopes and 
the detector spacecraft even to within one nanometer. This would have been much more 
stringent than what was required for XEUS, and is possibly beyond the absolute limit of 
technological capabilities now or in the near future. 

Around the same time as ESA studied Darwin, NASA was working on a very similar 
concept with comparable aims, called the Terrestrial Planet Finder. This had been offi- 
cially announced in 1996 by Dan Goldin, the NASA administrator at that time, as a new, 
grand NASA endeavor, with the promise that it would be launched and return an image of 
an Earth-like planet within a decade (in other words, by 2006). NASA and ESA soon 
signed a ‘Memorandum of Understanding’ that the Terrestrial Planet Finder and Darwin 
would be merged into a joint mission, enabling the agencies to share the costs, which of 
course were expected to be rather high. 
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Artistic impression of what a mission like ESA’s Darwin or NASA’s Terrestrial Planet Finder 
could have looked like. [NASA] 


NASA soon ran into budget troubles, however, due to dramatic cost increases in the 
development of the James Webb Space Telescope. This also led to further expenditure, as 
another Space Shuttle servicing mission was needed to keep the Hubble Space Telescope 
operational until it could be replaced by its delayed larger successor. In addition, the 
broader astrophysics scientific community began to complain about the disproportionate 
percentage of the NASA space science budget that would have to be sunk into the 
Terrestrial Planet Finder, leaving little money for other astronomical missions. The end 
result was that NASA announced that it had deferred the mission indefinitely in 2006, a 
polite way of saying “cancelled.” Officially, the project continued on a small scale as a 
“technology development” program, but in 2011 even that was stopped. NASA’s decision 
of 2006 also had an immediate effect on ESA’s plans of course, because without NASA, 
the European agency would have had to fund the entire mission itself. As a result, other 
proposed ESA missions won out over Darwin in the competition for funding, and the ESA 
study effectively ended in 2007. 

Interest in discovering Earth-like exoplanets nevertheless remains strong. The U.S. 
National Academy’s Committee on Astronomy and Astrophysics, for instance, wrote in 
its 2010 ‘Decadal Survey’ (which is carried out once every ten years to identify the goals 
for NASA’s science mission planning for the next decade): “On Christmas Eve, 1968, 
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Apollo 8 astronaut William Anders took an iconic photograph of the rising Earth from his 
vantage point orbiting the Moon. It highlighted, to more people than ever before, that we 
humans share a common home that is both small and fragile. It also brought into focus the 
question, *What does Earth look like from much farther away?' Remarkable discoveries 
over the past 15 years have led us to the point that we can ask, and hope to answer, the 
question, *Can we find another planet like Earth orbiting a nearby star?' To find such a 
planet would complete the revolution, started by Copernicus nearly 500 years ago, that 
displaced Earth as the center of the universe." 

If ‘fractionated spacecraft’ like Darwin can be made to work, there are virtually no 
limits to the number of spacecraft that can effectively be incorporated, nor the distances 
over which these could be spread out, with the prospect of reaching incredible resolution. 
French astronomer Antoine Labeyrie has proposed a system consisting of a whole flotilla 
of telescope spacecraft, similar to the three that were foreseen for Darwin. His 
“Hypertelescope”, in full form, would be extremely complex and expensive, much more so 
than Darwin and the Terrestrial Planet Finder, but highly scalable and gradually expand- 
able. With some 150 telescope spacecraft spread out over a 100-km diameter area in space, 
it would have the equivalent performance, in terms of resolution, of a single, 100-km 
diameter telescope lens. 

The possibilities for such a telescope would of course be fantastic. Labeyrie's simula- 
tions predict that such a system would be able to take direct images of potentially Earth- 
like exoplanets orbiting stars up to ten light years away, showing us continents, oceans and 
green zones the size of the Amazon basin, and therefore potentially evidence of life on 
exoplanets in our galactic neighborhood. This is an ability that not even the largest ground- 
based telescopes currently being developed can match. These may only be able to show an 
Earth-like exoplanet as a one-pixel pinpoint of light, because the atmosphere filters out 
many interesting wavelengths and creates distortions in the image. Such distortions are 
also the cause for the twinkling of stars and while adaptive optics systems can nowadays 
correct for the resulting image blurring, they can only do so to a limited degree. 

Labeyrie has suggested that his Hypertelescope could evolve into an even larger sys- 
tem, by adding hundreds more telescope spacecraft and having the constellation assume a 
spherical shape. A smaller number of detector satellites would move around within the 
sphere to collect and combine the focused light from the various telescope spacecraft. 
Because of the spherical arrangement, the whole system could then effectively act as a 
telescope capable of looking in every direction simultaneously. 

A different kind of telescope is the New Worlds Observer (NWO), which would use 
a 50-meter sheet disc, a so-called “star shade’ or ‘occulter’, positioned in front of a 
space telescope some 50,000 kilometers away. The sheet would block out all the light 
from the inner regions of solar systems tens of light years distant, most crucially that of 
the parent star but not that of the faint exoplanets orbiting around it. With the star's 
strong glare blocked out, direct imaging of exoplanets down to the size of our Earth 
would become possible, even allowing us to do spectroscopic analyses of their atmo- 
spheres. Targets could include relatively small, rocky planets, orbiting far enough from 
their parent star not to get too hot, yet sufficiently close not to get too cold, situated 
in the so-called *Goldilocks Zone' where everything is just right for Earth-like, life- 
harboring planets to exist. 


Hypersatellites and star shades 131 


Keeping a space telescope accurately aligned with a large star shade, at a distance 
just under four times the diameter of the Earth, would obviously be a big challenge, 
especially because in order to be able to study a planetary system in sufficient detail, 
the two would need to be kept in alignment for about a week at a time. Another big 
issue is that no star shade could block all of a star's light completely, thanks to an effect 
called diffraction, which means some light will inevitably bend around the edge of the 
shade and reach the distant telescope. As a typical exo-Earth would appear to us some 
10 billion times fainter than the star it orbits, this light seepage could well drown out 
the light from the targeted planet. Fortunately, diffraction can be substantially reduced 
if the shape of the star shade is correctly designed. NWO's champions, Webster Cash 
of the University of Colorado and his colleague Bob Vanderbey of Princeton University, 
found that a shade resembling the outline of a flower, with a few dozen petals, would 
do the trick. 


Artist's concept of the New Worlds Observatory (NOW), with its flower-shaped star shade. 
[NASA/Northrop Grumman] 


Although the NWO is still only a concept, following a NASA-sponsored feasibility 
study that ran from 2005 through 2008, Cash already foresees an even more ambitious 
successor called the New Worlds Imager. This would basically consist of two New World 
Observer telescope and occulter pairs flying 1500 kilometers apart. With 100-meter diam- 
eter sun shades and space telescope spacecraft with 10-meter mirrors looking at the same 
star, the combined resolution should make it possible to see sufficient detail on the surface 
of an exoplanet to be able to say whether there is life. We could study continents, oceans 
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and weather patterns on a planet around another star as if it were part of our own solar 
system. We might even be able to identify areas of vegetation or cities. 

As mentioned, ideas for large, or outright massive, fractionated exoplanet space tele- 
scopes are fairly recent. Darwin and the Terrestrial Planet Finder were conceived in the 
early 1990s, and Labeyrie only came up with his Hypertelescope concept in 1996. In part, 
this appears to be due to the fact that the required technology had not been foreseen earlier, 
but another important factor is that the existence of exoplanets was only a theoretical pos- 
sibility until fairly recently. 

The first strong indication of their existence came in 1992, when it was announced that 
a system of terrestrial-mass planets had been discovered orbiting a pulsar (a fast-rotating 
neutron star emitting strong electromagnetic radiation). In 1995, a ‘gas giant’ planet was 
discovered to be orbiting the sun-like star, 51 Pegasi, but the floodgates of discovery only 
truly opened with NASA’s Kepler space telescope mission, launched in 2009. 

The development of a Hypertelescope, New World Imager, or even the slightly less 
daunting New World Observer, would require a considerable amount of new technol- 
ogy, primarily for the attitude and positional control of the individual spacecraft. Even 
though the various spacecraft may be allowed to drift a bit with respect to each other, 
accurately keeping track of their relative positions and orientations will be a daunting 
task. Slewing the ‘telescope’ to focus on different objects, or just for tracking a par- 
ticular exoplanet (the whole telescope constellation would be in orbit around the Sun, 
and thus would be continuously moving), would involve the coordinated operation of 
all the spacecraft. That is something that will have to be highly automated, otherwise 
having 150 satellites would mean 150 ground control centers and operation teams, 
leading to enormous ground segment costs. On-the-ground testing before launch 
would also be difficult, considering the vast distances that would be needed between 
the individual spacecraft and the three-dimensional, free-flying nature of the systems. 
Some smaller-scale test missions may be needed to ensure that all the technology 
works as theorized. 

But even with all that mastered, the costs for building, launching and operating such 
large and/or high numbers of spacecraft would currently be prohibitive, especially when 
considering that ESA’s Darwin and NASA’s Terrestrial Planet Finder — both fairly mod- 
est by comparison — were unable to attract sufficient funding. To get the required billions 
of euros or dollars needed to develop, launch and operate a Hypertelescope or New 
World Imager, we will probably first need to have actually discovered some Earth-sized, 
‘Goldilocks Zone’ planets. This may not be such a daunting prospect, however, consid- 
ering the rapidly advancing ability of space-based and ground-based telescopes to detect 
ever smaller exoplanets. 

Having discovered such potential targets, we will next likely need some strong 
indications that some of these planets may harbor life, something that near-term mis- 
sions such as NASA’s James Webb Space Telescope and ESA’s Plato may help to 
provide. Through spectral analysis, the James Webb Space Telescope should be able 
to determine some of the composition of the atmosphere of large rocky planets in 
‘Goldilocks Zones;’ so-called Super Earths. Evidence for water and free oxygen, 
which needs to be constantly replenished by plants in order not to completely disap- 
pear from an atmosphere within a million years or so, would be a strong indicator 
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for the presence of life. Plato, in fact, has as its primary goal the “detection and 
characterization of terrestrial exoplanets around bright solar-type stars, with emphasis 
on planets orbiting in the habitable zone.” 

Eventually, the James Webb Space Telescope could be equipped with a star shade to 
effectively become a New Worlds Observer, giving it the ability to directly image Earth- 
sized planets and perform spectral analyses of their atmospheres. If it could find evi- 
dence of water and free oxygen on such a planet, that would certainly raise the interest 
in even more ambitious successor missions. Many exoplanet astronomers see a large 
terrestrial planet finder as inevitable, and the only logical culmination of the current 
progression towards ever more sophisticated and larger exoplanet-observing space 
telescopes. 


SPACE SOLAR POWER 


A concept much older than the fractionated exoplanet space telescope is that of the orbital 
solar power station. The general idea behind it is to collect sunlight in space before much 
of it gets lost through absorption by the atmosphere, then transform it into microwaves that 
can easily penetrate the atmosphere and clouds without significant losses, receive this 
radiation using an antenna system, and finally convert it into electrical power to be pumped 
into the energy grid. 

Placing a Space Solar Power (SSP) satellite in geostationary orbit (GEO) means it will 
remain hovering above the same part of the Earth, by orbiting our planet at the same speed 
that the world turns, once every 24 hours. That not only makes a permanent and stable 
microwave energy link with the ground possible, but also ensures that the satellite is 
eclipsed by the Earth very infrequently, and even then for only 70 minutes per day; a very 
short night. This is because our planet is relatively small as seen from GEO at 36 thousand 
kilometers up, and only occasionally fully obscures the Sun. 

In theory, the end result is a far more efficient use of solar energy than is possible with 
ground-based solar panels, which have to cope with filtering and diffusing by the atmo- 
sphere (because of which nearly 60 percent of the solar energy is lost), as well as clouds, 
atmospheric dust, the tilt of the Earth’s axis that makes the Sun’s height above the horizon 
vary with the seasons, and long nights during which no power can be produced. 

The general idea can be traced back to a 1941 science fiction story by Isaac Asimov, 
called Reason, in which a space station collects energy from the Sun and then transmits it 
to various planets using microwave beams. The first technically serious description, 
however, dates back to a November 1968 article in the respected magazine Science, by 
Dr. Peter Glaser, who in 1973 was awarded a patent for his invention. His concept came 
just in time to provide a solution for a non-oil-based energy supply source, just when the 
oil crises hit the U.S. in 1973 and then again in 1979. As a result, Glaser’s ideas attracted 
very serious attention from NASA and the U.S. Department of Energy (DoE). It led to 
various studies, of which the NASA/DoE ‘Satellite Power System Concept Development 
and Evaluation Program’, which ran from 1977 to 1981 and in today’s money cost over 
$50 million, was the most ambitious. 
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There are, of course, many technical challenges to overcome to make Space Solar Power 
work. The NASA/DoE study of the late 1970s gave a pretty vivid description of what would 
be needed to contribute a meaningful amount of power to the United States. Setting the goal 
somewhat arbitrarily to 10 gigawatts (ten billion watts, or 10,000 megawatts) of electricity, 
the study concluded that a “powersat’ of 100,000 metric tons would be needed, with a solar 
cell surface area of 21 by 5.3 kilometers. This is an enormous area; in fact, the whole island 
of Manhattan would fit on a power satellite of that size. In addition, such a satellite would 
require a microwave transmission antenna of about one kilometer in diameter. 

While 10 gigawatts is a considerable amount of power, about enough for 8 million U.S. 
homes, it is still only the equivalent of four Hoover Dams. Today, we would need over 50 
such monster satellites to power the entire United States. That would involve 5.6 thousand 
square kilometers of solar cell area in GEO, requiring the launch of 5,000,000 metric tons of 
equipment. Even a single such powersat would require us to put into GEO the equivalent of 
a hundred International Space Stations, and that's without considering all the infrastructure 
that would be needed to support such a herculean task. These things would be so large that 
each would be more brightly visible in the night sky than the planet Venus, which is normally 
the brightest celestial object at night other than the Moon. Using only binoculars, it would 
actually be possible to discern the rectangular shape of the powersats from the ground. 


Artistic impression from 1976, depicting the assembly of a solar power satellite. For scale, 
note the attached space station at the lower right. [NASA] 


Schematic for a 10-gigawatt solar power satellite, from the 1978 NASA brochure ‘Power from 
Space, a new opportunity’. [NASA] 


Artistic impression of a powersat in GEO. In reality, the microwave beam to Earth would be 
invisible. [NASA] 
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In his 1981 book, Space Power, promoted with the sensational comment “the news the 
Department of Energy tried to bury,’ G. Harry Stine gave an overview, heavily based on 
NASA evaluations, of what would be needed to put two 10-gigawatt power satellites into 
GEO each year (although NASA was considering ‘only’ two 5-gigawatt satellites per year 
at the time). It is an impressive list. 

To start with, Stine considered that five heavy-lift reusable freight shuttles would be 
required (of the two-stage tandem-winged shuttle type described in the chapter on giant 
launch vehicles), each with the capacity to put 450 metric tons of cargo into low Earth 
orbit (LEO). That is a payload capability of more than three non-reusable Saturn V rockets 
for each reusable vehicle, in itself already a tall order. Just to carry the material to con- 
struct two of these powersats alone, each of these behemoth shuttle vehicles would need 
to launch 75 times per year. With five vehicles, that would mean more than a launch per 
day, and considering that we now know that NASA's Space Shuttles, with their LEO capa- 
bility sixteen times less than that of the considered freight shuttle, could be launched only 
once every month at best, this seems a highly unlikely prospect. Moreover, Stine's assump- 
tions for both the total mass of a powersat and the LEO capability of a freight shuttle are 
optimistic, in comparison with the numbers from the NASA/DoE study. Most likely, 
another 75 flights and an additional freight shuttle would have been needed. 


The Boeing Space Freighter, a reusable cargo launcher for SSP satellite construction. It would 
have been considerably larger than a Saturn V. [NASA/Boeing] 
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Then there would need to be a fleet of some twenty-three in-orbit space freighters, 
shuttling between the “LEO Base,” where the cargo from Earth would be delivered and the 
solar arrays would be produced, and the final location site in GEO, the “GEO Base.” These 
space freighters would be propelled by low-thrust but highly efficient electric rocket 
thrusters, powered by the very solar arrays they would be flying up to GEO. 

To get the workforce to and from the construction sites, Stine (as well as NASA) con- 
sidered using two fairly standard NASA Space Shuttle orbiters, each with a 75-passenger 
module in their cargo bays, together with a modified External Tank put on top of a reusable 
first stage that would replace the Solid Rocket Boosters of the standard Space Shuttle 
system. Each of these Shuttles would make a flight every three weeks. Once in LEO, the 
passengers would transfer to a deep space passenger ship to bring them to GEO. Each of 
these ships would also be able to carry 75 people, so in principle two would suffice. The 
construction crews would be rotated back to Earth every sixty days to prevent long-term 
physiological deterioration due to weightlessness. 

At any given time, there would be more than 100 astronauts working at the LEO Base 
and a further 700 astronauts at the construction site in GEO, hence the connection with the 
space colonies covered in the previous chapter. Space advocates, like those of the L5 
Society, saw the construction of SSP satellites as a major business requiring much man- 
power, and therefore an enabler for the dream of vast industrial colonies in space which 
they pursued. 

If you have ever watched footage of an astronaut doing a construction or repair space- 
walk on the International Space Station or during a Hubble Space Telescope servicing 
mission, you will know how time-consuming even the simplest of tasks is. Merely replac- 
ing an experiments box on the outside of the station can take hours, because of the micro- 
gravity conditions and the astronauts' bulky space suits and thick gloves. With this in 
mind, 700 people would seem to be far too few for the type of hands-on in-space construc- 
tion work envisioned on the vast powersat systems. Working in open space is entirely 
different to constructing a skyscraper on Earth in 1 g gravity and without a space suit. 

The huge number of launches required for the scheme advertised by Stine would also 
have meant constructing a new, large spaceport, with several launch pads and landing 
strips, extensive propellant plants, and a railway and road transportation network to move 
in the thousands of tons of SSP material to be launched. The LEO Base would effectively 
be a colossal orbital construction plant, churning out the solar array modules and power 
transmitting antenna elements which would eventually form a complete powersat. The 
NASA/DoE reference system of 1978 depicted the LEO Base as a “LEO Construction 
Base Photovoltaic Satellite" one kilometer high, 1.8 km wide and some 4 km long; a free- 
flying factory that is unimaginably big even for Earth-based standards. At 13.4 million 
cubic meters, the Boeing Everett Factory, where Boeing builds its large airliners, is cur- 
rently the largest building in the world by volume, but the internal volume of the LEO 
Base would be over 500 times greater than that. 

In short, the support infrastructure alone — equivalent to a couple of Kennedy Space 
Centers and two unbelievably large space stations — is far beyond anything we could envi- 
sion today or anytime in the near future. Nevertheless, in 1980, NASA and the DoE were 
expecting this mega-undertaking, the most enormous construction project the world had 
ever seen, to be up and running by the end of the 20th century. 
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A truly massive “LEO Base” orbital factory for solar power satellite elements, as envisioned in 
1978. [NASA] 


Another take on an SSP “LEO Base.” The Space Shuttle Orbiter docked to the orbital factory 
gives an idea of the vastness of the facility. [Boeing] 
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Artistic impression of a powersat under construction, with a specialized “beam builder’ 
spacecraft producing structural beams from rolls of sheet metal. [NASA] 


As if this were not sufficiently challenging already, space settlement enthusiasts, as we 
saw in the previous chapter, actually lobbied to add lunar mining and space colonies to this 
vast amount of infrastructure. Instead of launching all the needed materials from Earth, they 
proposed the use of raw materials mined on the Moon, which would then be converted into 
powersat equipment by orbital factories linked to O'Neill-type space colonies. 

Lunar mining, let alone space colonies, would of course have added even more levels 
of complexity, infrastructure, and development cost to the whole undertaking, although it 
would eventually have reduced the number of launches required from Earth. The added 
industry would have required a large scale lunar base, a method to launch materials from 
the Moon to GEO, and several additional types of orbital factories. It is difficult to see how 
this could have been more efficient than the use of Earth-launched reusable rockets or 
spaceplanes, especially since such vehicles would most likely have been necessary to sup- 
port the lunar and orbital factory facilities anyway. 

Back on Earth, the large-scale use of SSP would itself not be without serious chal- 
lenges. Keeping GEO-to-Earth power-beam radio energy levels low enough to avoid fry- 
ing anybody standing nearby would mean that each 10 gigawatt powersat would require a 
9.5 by 13-kilometer receiving antenna; still a considerable footprint of construction on 
U.S. territory, even though all the solar arrays would be up in orbit rather than on the 
ground. In contrast to the solar arrays, however, the proposed antenna would have been 
constructed of mesh panels that were mostly transparent, so the ground on which they 
stood could still potentially have been used for agriculture. In Stine's proposal for two of 
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the 10-gigawatt satellites being put in operation annually, two such antennas would also 
have had to be constructed each year. 

NASA and the DoE foresaw the need for 60 powersats and thus 60 antennas, running coast 
to coast across the whole of the United States, and spaced at about one every 50 kilometers. 
Using laser beams to send down the energy instead of microwaves could have reduced the 
receiver system size to meters instead of kilometers, but would have involved less efficient 
energy conversions (electrical energy to laser and back again). Moreover, laser beams are 
much more sensitive to absorption by the atmosphere and clouds than microwaves. 

It is clear that the infrastructure described above would be horribly expensive, far 
outstripping the cost of the Apollo program, the Space Shuttle program and the ISS com- 
bined. Just looking at the yearly ground-to-LEO launch costs proves the point. In 1980, 
before the Space Shuttle had actually started to fly and shattered the over-optimistic cost- 
per-flight estimates, NASA predicted that a flight of a reusable heavy-lift freight shuttle 
with LEO payload capability of 424 metric tons would cost $10 million in 1977 dollars. In 
2016 dollars, this is about $40 million, or $94 dollars per kilogram of freight. Even the best 
launchers of today can only put a kilogram of cargo into LEO for about $4,000 dollars, a 
factor of 40 higher. Putting all the material for the two 10 gigawatt powersats alone (each 
with a mass of 38,000,000 kg) into orbit every year would amount to about $800 billion 
(or $400 billion for NASA's more modest pair of 5-gigawatt satellites per year). This still 
excludes the costs of launching the propellant for the LEO-to-GEO freighters, the crews, 
supplies for the LEO and GEO bases, launch failures, and so on. 

Alternatively, looking at this issue in terms of the number of launches, with 472 freight 
shuttle launches and 35 passenger Space Shuttle flights per year at a very optimistic $500 
million per launch, even this cost estimate exceeds $250 billion. That is more than the cost 
for the entire Apollo program (some $210 billion in today's money). Moreover, this stag- 
gering amount would not be spent over a decade as in the case of Apollo, but in just one 
year; every year, just on launches. And a $500 million launch cost would still be a drastic 
average launch cost reduction, perhaps made possible by the extremely efficient launch 
preparations and operations that would probably be required for such a high number of 
flights, but not at all likely to be realistic. 

On top of all this, there would be the development costs for the launchers, space bases, 
in-orbit transfer vehicles, and receiving antennas, the operational costs for the power satel- 
lites and orbital facilities, as well as the enormous maintenance costs (as the solar arrays 
would suffer from the harsh space radiation as well as space debris and micrometeorite 
impacts). This does not even take into account what could be perceived as relatively minor 
issues, in comparison, such as the interference the microwave power beams would cause 
to satellite radio traffic and the high radiation risks for astronauts working for extended 
durations in GEO. It soon becomes clear, using a more realistic estimate based on today's 
technology and costs, as well as energy prices, that the whole enterprise would have been 
absurdly uneconomical. 

In 1980, even while still expecting launch prices to be far lower than they have actually 
proven to be, the U.S. Office of Technology assessment that had been requested by the 
House Committee on Science and Technology concluded that: “Too little is currently known 
about the technical, economic, and environmental aspects of SPS [Solar Power Satellites] 
to make a sound decision whether to proceed with its development and deployment. 
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In addition, without further research an SPS demonstration or systems-engineering 
verification program would be a high-risk venture.” That verdict is still applicable today, 
nearly 40 years later. 

You may argue that advances in solar array technology since then have resulted in a 
much higher solar energy conversion efficiency than was assumed in 1981, which would 
today enable significantly smaller powersats and hence far fewer launches. However, 
looking at the power and size numbers quoted in the NASA/DoE study of the late 1970s, 
we get a solar-power-to-ground efficiency of just under 7 percent, meaning that only seven 
percent of the total captured energy in GEO would end up as useful electrical power on 
Earth. The large solar arrays currently on the ISS have a slightly lower efficiency, at 6 
percent, even without the need to convert their power into microwaves and beam it down 
to Earth. With the same 63 percent microwave beam transmission system efficiency that 
was expected in 1981, ISS-equivalent technology would thus only give us an overall solar- 
power-to-ground efficiency of 4 percent. Rather than being outdated, the efficiency 
assumption made for the very large arrays in 1981 remains somewhat optimistic even 
today. As a consequence, we would still require larger powersats and even more launches 
in 2017, and that’s without even considering that achieving 63 percent transmission effi- 
ciency would itself be challenging. 

Today’s best satellite solar arrays have an overall efficiency of about 20 percent, which 
is a lot better than those of the ISS, but even the largest of them are much smaller than 
those of the space station. Moreover, even the most highly efficient arrays rely on heavy, 
bulky, stiff structural panels, while those of the ISS are flexible and were launched folded 
up in a tube. We could probably get more efficient powersat solar arrays using rigid array 
technology, but there would be a considerable impact in launch costs. 

JAXA, the Japanese space agency, is still studying SSP and recently presented a road 
map plan leading, via a 100 kilowatt powersat system around 2020 (already rather opti- 
mistic), to the development of a 1 gigawatt commercial system in the 2030s. It quotes a 
powersat mass of 10,000 metric tons, which actually represents the same mass-to-power 
ratio as the NASA/DoE study four decades ago (which involved a 100,000-metric-ton 
satellite producing 10 gigawatts). This would also suggest that the relevant technologies 
have actually not progressed significantly. Interestingly, even though it would currently 
take some 1,350 launches of Japan's H-IIB launcher just to put all the material for the 
satellite into GEO, JAXA appears to see wireless power transmission from GEO as the 
most daunting part of such a system, and is currently focusing its SSP research on that. 

Leaving aside the space dreams, it seems that it would be vastly less expensive to fill an 
equatorial desert with ground-based, Sun-tracking solar arrays to generate the same levels 
of power that a giant powersat in orbit could provide, even if their efficiency would only 
be about a third of that of an SSP system. A ground-based system dispenses with the need 
for all those launches, orbital bases and other space-related complexities. Transporting 
electrical power from remote places on Earth, where there still remains sufficient room for 
the vast areas of solar arrays required, to the cities where the energy is needed can hardly 
be more difficult than getting it down all the way from GEO. 

Most importantly, ground-based solar power does not really need any new technology. 
We could start implementing it on a very large scale today, incrementally, and with imme- 
diate returns in terms of electricity production. You could argue that we are in fact doing 
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that already, with fairly large solar farms sprouting up at various locations on the planet 
and ever more houses being equipped with solar power and solar heating equipment. In 
contrast, an SSP system would not become operational until all the transportation vehicles 
and the requisite infrastructure were developed and the first powersat assembled in 
GEO. Basically, to make SSP work on a significant scale, you would first need to develop 
efficient, reusable super heavy-lift launchers and space colonies, which are major under- 
takings in themselves as we have seen in previous chapters. It is little wonder, then, that 
the SSP concept is not something being seriously considered by any large power company. 
The risks are too high and the return on the investment too long term. 

It exemplifies the optimism for extremely large space infrastructures and high expecta- 
tions for reusable shuttles that was still prevalent in the early 1980s, that the 1981 book 
Space Power is actually meant to promote the SSP concept, concluding that the whole 
vast, complex infrastructure it describes will be totally worth the investment, and a logical 
extrapolation of the satellite, space station and Space Shuttle developments up to that 
point. Rather than viewing the required gigantic space transportation infrastructure as an 
impediment, the book concludes that it is actually “...one of the great spinoff benefits of 
building an SPS [Solar Power Satellite] system. We'll get more than an answer to our 
energy needs; we’ll also open the door to the solar system in the process.” 

That optimism didn’t last, at least among the engineers and investors who have to deal 
with real-world technology and costs. This was especially true once the Space Shuttle 
experience, with its launch costs far higher than advertised in the 1970s and its reliability 
as a ‘space truck’ put in question by the Challenger accident in 1986, put a big question 
mark over the whole idea. In 1999, NASA initiated another study on the feasibility of 
space-based solar powers; the ‘Space Solar Power Exploratory Research and Technology’ 
program (SERT). This study cautiously concluded that Space Solar Power concepts may 
be ready to re-enter the global energy discussion, but that launch costs would need to come 
down to $100—$200 per kilogram of payload to LEO to make it economically competitive. 
Such a drastic launch price reduction, more than a factor of 20, is not on the horizon today, 
and in the meantime advancements in ground-based solar power generation and other 
renewable energy sources like wind power are not standing still and are in fact, unlike 
Space Solar Power, attracting large government subsidies and commercial investments. 

SSP still has its fervent supporters, and occasionally new studies and start-up compa- 
nies enthusiastically advertise its virtues. However, these are typically for far less ambi- 
tious uses, such as providing limited amounts of power to remote locations for very 
specific niche applications. But for now, and for some time to come, it looks like the 
grandiose SSP concepts of the 1970s, of tens of SSP satellites each with tens of kilometers 
of surface area, will remain an unrealistic and unnecessary folly; a product of a time that 
has come and gone. 


6 


Giant probes 


As with satellites, unmanned interplanetary probe missions were not really appreciated as 
stand-alone endeavors until the 1970s. In the 1960s, the main function of both U.S. and 
Soviet robotic interplanetary missions was to lead the way for human expeditions. They 
were tasked with finding potential landing sites on the Moon and investigating the consis- 
tency of the lunar surface in preparation for the Apollo landings, or acting as technological 
superiority statements in the Cold War Space Race: which of the two superpowers would 
be the first to hit the Moon, to orbit it, or to land on it, or the first to fly by Venus or Mars, 
and so on. 

Only when the Soviets ‘lost the Moon Race’ did they send landers to the lunar surface 
that were advertised as robotic missions in their own right, rather than as preparatory for 
subsequent cosmonaut missions. The Luna series of landers collected surface samples and 
flew them back to Earth, enabling the Soviets to claim triumphantly that they had not 
needed to waste vast sums of money on human missions to obtain scientifically interesting 
lunar surface material. Luna 15 was even meant to steal some of the glory of Apollo 11, 
by returning a small lunar surface sample to Earth just days ahead of the American astro- 
nauts. Unfortunately, it crashed onto the lunar surface while Apollo 11 was on the Moon. 
Between them, Luna 16 (1970), Luna 20 (1972) and Luna 24 (1976) scooped up a meager 
326 grams of lunar material, while the Apollo missions brought home 382 kilograms of 
rocks and regolith. 

The main task of the two Lunokhod radio-controlled rovers that the Soviets landed on 
the Moon in 1970 and 1973 appears to have been to traverse as many kilometers as pos- 
sible on the lunar surface. Lunokhod 2, in particular, was tasked with breaking the Apollo 
Lunar Rover’s record of 36 km, which it did by driving a total of 42 km. It is interesting to 
note that the Lunokhod rover system was originally developed as a means of transporta- 
tion for Soviet cosmonauts on the Moon. The Soviets, however, claimed they had never 
really been in a competition with Apollo, and that their robotic probes had always been 
meant to serve purely scientific objectives only. They also claimed to be much more inter- 
ested in Earth-orbiting space stations than in human lunar missions, and that NASA had 
merely been racing itself to the Moon all along. Decades later, this was publicly revealed 
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to have been a subterfuge, as the Soviet human lunar program effort had in fact been 
massive, but unsuccessful. The CIA had already known this from the moment they spotted 
the giant Soviet N1 rockets, using their spy satellites in the mid-1960s, but the agency did 
not want to divulge its observation capabilities publicly, so they kept quiet about it. 

In the visions of spaceflight pioneers prior to the launch of Sputnik, Earth-orbiting 
satellites and interplanetary probes were seen only as a method to pave the way for later 
manned systems with more serious capabilities. Telecom and weather satellites would 
ultimately lead to large, crewed space stations with far more sophistication. Military spy 
satellites would be replaced by military space stations with gigantic human-operated cam- 
eras. Lunar landers would be followed by lunar astronauts and then lunar bases. Robotic 
scouts to Venus and Mars were meant to investigate the possibilities for manned missions 
to those planets a bit further into the future. 

Even during the Space Race, this view continued to be widely accepted as the natural 
order of things by space advocates, the general public, politicians and most in NASA and 
the Soviet space effort. It was not a view shared by all, however, especially not by space 
scientists and astronomers. Among the early human spaceflight critics, for instance, was 
famous astrophysicist James van Allen, lead scientist for the first U.S. satellite, Explorer 1. 

Consistent with this human-centered view of space exploration, and coupled with the 
fact that electronics of the time were of limited capability, there are essentially no grand 
plans for really large robotic space probes from that era, or at least none worked out 
in great detail. Anything truly ambitious planned at that time consistently involved 
astronauts. 

This view began to change once the Moon Race was over. By the late 1960s, plans for 
large military space stations had already gone out of the window, at least in the U.S., 
because automated spy satellites were now capable of doing a much better job at much 
lower cost. For interplanetary space science, the paradigm shift came with the 1970s mis- 
sions to the distant planets Jupiter and Saturn; destinations which, by that point, were no 
longer seen as near-future targets for crewed missions. Pioneer 10 and 11, and then the two 
Voyagers, finally unlocked the true potential for deep space robotic space exploration. 
These probes were all far smaller spacecraft than a crewed system could ever hope to be, 
flew through high-radiation zones too dangerous for astronauts, and did not need to return 
to Earth; and all for a fraction of the cost of a human mission. In 1976, two Viking landers 
touched down on Mars and demonstrated what robotic landers could do. Since then, plan- 
etary science has focused on robotic missions, which have now visited all of the eight 
major planets and the dwarf planet Pluto, as well as various moons, asteroids and comets. 
In contrast, astronauts have yet to venture beyond the Moon. 


VOYAGER MARS 


The largest, most ambitious robotic space exploration plan of the 1960s was NASA's 
Voyager Mars program (not to be confused with the Voyager missions that actually flew, 
which later ‘recycled’ the name after Voyager Mars was cancelled). The plan called for the 
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simultaneous launch of two substantial probes on top of a Saturn V, each involving a Mars 
orbiter and a lander. Unsurprisingly for that era, the probes were conceived as precursors 
for a manned landing in the 1980s, and were part of an ambitious schedule of Apollo fol- 
low-on projects called the Apollo Applications Program (AAP). 

In this plan, presented in 1967, the first orbiter and lander combination, which was 
expected to be launched in 1973, would have had a total mass of 12 metric tons, nearly 
7 tons of which would be allocated to propellant. It would have involved gently placing 
a 390-kilogram, battery-powered lander on the surface, initially using a heat shield for 
aerodynamic braking, then a parachute and finally descent rocket engines. For several 
days, this first probe would look for water and life on Mars, measure the amount of 
atmospheric dust, and observe changes at its landing site. At the same time, the solar- 
array-equipped orbiter would begin its two-year program of planetary observation from 
orbit, mapping the planet's surface, determining its composition, monitoring the weather 
and any surface changes, and measuring solar and cosmic radiation in the vicinity of the 
Red Planet. 


Artistic impression of a Voyager Mars probe, with the lander in its aeroshell on top of the 
orbiter. [NASA] 


A Voyager Mars lander on the surface, with its orbiter overhead. [NASA] 
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A Saturn V with two Voyager Mars probes under its fairing would have looked similar to this 
one, which carries the Skylab space station. [NASA] 


Subsequent launches, one for each Earth-Mars launch window (when Earth and Mars 
are favorably positioned to allow transfers using minimal amounts of propellant) would 
each carry two identical probes, but with even greater masses: 13 metric tons per probe in 
1975, and spacecraft of nearly 14 metric tons each in 1977 and again in 1979. These later 
missions would have orbiters and landers equipped with Radioisotope Thermoelectric 
Generators (RTGs), power sources that use the heat from natural radioactive decay to 
generate electrical power and make a spacecraft totally independent from sunlight. Each 
1977 and 1979 lander would also have included a rover and biological experiments to 
study samples of life found during the earlier missions, if any. 

The aeroshells of the Mars Voyager landers, used for braking in the tenuous atmo- 
sphere, would have been 6.1 meters in diameter. Together with the launch mass of up to 14 
metric tons, this meant that the Voyager Mars spacecraft were going to be both large and 
massive in comparison to the probes of the time. NASA probes launched up to that point 
had weighed a few hundred kilograms at most, and even the large Venera probes that the 
Soviets had launched to Venus amassed to only about one metric ton. 

But as with many other overly ambitious post-Apollo space plans of the 1960s, Voyager 
Mars was not to be. In 1967, the U.S. Congress refused to fund the program, partly because 
it did not want to buy into what was expected to become a costly post-Apollo Mars pro- 
gram. The Apollo project was consuming significant amounts of money in itself (and was 
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in trouble after the loss of three astronauts in the Apollo 1 fire), while spending on the 
Vietnam conflict was sharply on the rise. 

NASA subsequently adjusted its Mars ambitions for the 1970s to more modest levels 
and transformed Voyager Mars into the Viking program, which did get funding from 
Congress. Viking involved two orbiter-lander pairs, of ‘only’ 3.5 metric tons fully fueled 
instead of Voyager's 12 tons, and with a 3.5-meter aeroshell instead of Voyager's 6.1 
meters. Each Viking was launched individually using a cheaper Titan IITE/Centaur rocket, 
instead of two together on the far more expensive Saturn V, which was no longer being 
produced. This also mitigated the risk of losing both missions in a single launch failure. 
The Viking plan no longer involved follow-on missions, and most importantly no longer 
claimed to be a direct precursor to a manned Mars mission. Viking 1 and 2 left Earth 
in 1975, reached Mars in 1976, and made the first ever successful landings on the 
Red Planet. 


One of the Viking probes that did make it to Mars, with the lander, packed in its aeroshell, on 
top of the orbiter. [NASA] 
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The Apollo Applications Program, of which the Voyager Mars series was to be just a 
part, didn't fare too well either, and for similar funding reasons. Of all the highly ambi- 
tious missions originally foreseen, including lunar bases and even a manned Venus fly-by, 
only the single Skylab space station survived. 

Even today, the Voyager Mars probes would have been among the largest and heaviest 
probes we have ever sent beyond the Moon. The heaviest interplanetary probe launched to 
date is the 13.2 metric ton Russian Phobos-Grunt that was to collect and return samples 
from the Martian moon Phobos. Unfortunately, Phobos-Grunt didn't even make it out of 
its low Earth parking orbit in 2011. The recent NASA Mars Science Laboratory (MSL) 
mission, which placed the large Curiosity rover on Mars in 2012, had a launch mass of 3.8 
metric tons and a 4.5-meter diameter heat shield, the largest heat shield ever flown in space 
but still smaller than the one planned for Voyager Mars. 

You could argue that, while it was considerably lighter at launch than Voyager Mars, the 
MSL has much better capabilities than the 1970 space probes could have incorporated; after 
all, space exploration is about science return, not about spacecraft mass. However, the capa- 
bilities and basic technology that Voyager Mars would have carried in the mid-1970s would 
have provided a significant head start towards even more ambitious Mars missions, such as 
the ones outlined in the next section. 


MARS SAMPLE RETURN 


Ever since it became clear that the Apollo lunar landings were not going lead straight to 
manned Mars missions in the 1980s, and with the reality since then that human Mars land- 
ings perpetually continue to be some two decades away, the robotic return of surface 
samples from the Red Planet has been a high-profile and intensively studied concept. After 
exploring Mars from orbit and on the surface with ever more sophisticated landers and 
rovers, the next logical step is not only to send a probe to Mars, but also to have part of it 
return loaded with planetological treasure. Timeline diagrams depicting robotic explora- 
tion plans for Mars typically end with a sample return mission as the ultimate goal. 

For robotic planetary exploration, Mars sample return is something of a ‘Holy Grail’, an 
achievement that is bound to have a huge scientific impact rivalling that of the lunar sam- 
ples collected by the Apollo astronauts and a few Soviet Luna probes. The Viking landers 
of the 1970s, the Phoenix lander of 2008, and the currently active Curiosity rover, have all 
included built-in mini-laboratories, which were carefully designed to subject the material 
collected to a range of geo-chemical analyses. But no laboratory carried by a robotic probe 
can rival the range of capabilities that Earth-based laboratories can muster. In 1978, in the 
U.S., the Committee on Planetary and Lunar Exploration (COMPLEX) declared that 
obtaining samples from Mars was the highest-priority post- Viking Mars science objective, 
and that this goal could “best (and perhaps only) be addressed by a mission that carefully 
samples Martian materials and returns them intact to Earth for intensive, detailed analysis 
in terrestrial laboratories with the most sophisticated techniques available." 

Unfortunately, the scientific value of Mars samples is matched in magnitude by the 
amount of effort that it would take to obtain them. Launching something from Earth to 
Mars and having it land successfully on the Red Planet is hard enough, but returning sur- 
face material means effectively doing the same thing in reverse. You would need to land a 
rocket on Mars and then have it launch again without the support of ground crews. 
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It would need be able to do that after having endured its launch from Earth, over half a year 
flying through space towards Mars, and a violent entry through the Martian atmosphere 
before landing. 

This rocket launched up from Mars might carry the Earth return spacecraft, or alterna- 
tively that part could be left in orbit around Mars, in which case you would also need the 
ascent vehicle to be able to rendezvous with the return spacecraft and transfer the samples 
to it. The decision would depend on a trade-off between total spacecraft mass versus mis- 
sion complexity. 

As for the material being brought back, the mission could either be fulfilled with 
samples from just one location, directly scooped up by the lander/ascent vehicle, or could 
include a rover in the package of hardware to gather samples over a larger area: a trade-off 
this time of science return versus mission complexity and cost. 

With all these considerations, a whole sequence of mission events would all have to go 
as planned before scientists could lay their hands on Martian samples (figuratively speak- 
ing of course; touching the samples would ruin them for any biochemical examinations), 
and the whole thing would not be without risk right to the end. If the parachute of the 
capsule returning to Earth failed to open, for example, all the complicated mission events 
leading up to that point will have been for nothing. In other words, a Mars sample return 
mission is bound to be bulky, complicated, expensive and relatively risky. 
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Example of a Mars sample return ascent vehicle (in this particular case called the Mars 
Rendezvous Vehicle) on top of a Mars Lander Module, from a study conducted by NASA in 
1984. This one is 5.37 meters high and 1.84 meters wide. A small crane was to load it with 
five kilograms of sample material, after which an arm would place a sealing cover on top and 
weld it into place. [NASA] 
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As if all this wasn’t difficult enough, another layer of complexity is added by the 
necessary Planetary Protection measures that need to be taken. Because we still don’t 
know if there is any microbiological life on Mars today, we don’t want to carry 
microbes from Earth to Mars that might damage any existing ecosystem there. 
Moreover, such microbes would potentially disrupt any biological analyses. If you 
found traces of life on Mars using a contaminated probe, how could you be sure that 
what you have detected is not actually life from Earth inadvertently carried onboard 
the spacecraft? 

To avoid this problem, the international Committee on Space Research (COSPAR) 
has set up guidelines on how to avoid the biological contamination of Mars. Anything 
landing on the planet, or even potentially falling out of orbit, needs to be extremely 
clean. Its *bio-burden' needs to be accurately tracked and minimized to below cer- 
tain levels. That means assembling the spacecraft in a sterile, sealed-off facility, 
limiting the number of times that spacecraft equipment is touched by humans during 
assembly, and regularly cleaning any equipment that is handled. It may even involve 
baking the entire spacecraft in a special oven, as was done for the Viking landers in 
the 1970s. 

Such measures will be even more drastic for sample return missions, because we want 
to be equally certain that no organisms from Mars are let loose on our planet, however 
small the chance that life on Mars exists and would be able to survive on Earth. That 
means putting the Mars samples in hermetically sealed containers, absolutely ensuring 
that they are packed correctly and unable to ‘leak’ before launching them to Earth, and 
then flying the sample container back aboard a return capsule that is absolutely proven 
incapable of breaking apart during re-entry and landing on Earth, even if its parachutes 
fail. For this latter reason, the latest sample return capsule concepts are designed to be 
capable of landing without parachutes, with the samples sufficiently cushioned not to 
be significantly altered by the impact. 

A Mars sample return mission will therefore have to deal with both types of plan- 
etary protection, preventing forward contamination (Earth to Mars) as well as back- 
ward contamination (Mars to Earth). The problem is how to achieve all of this 
robotically. On Mars, there will be no technicians around to help with the intricate 
procedures required, such as having to seal the sample container using automatic 
welding, for example. 

Once returned to Earth, the Mars samples would have to be treated as extremely 
hazardous material in a dedicated Sample Receiving Facility. The samples would 
initially have to be handled at ‘Biosafety Level 4’, which is the highest level of bio- 
safety precaution, applicable to agents that could easily be aerosol-transmitted and 
cause fatal diseases for which no treatments exist. Biosafety level 4 laboratories 
typically deal with microbes and viruses related to biological warfare. Until it is 
ascertained that the samples do not contain biologically hazardous forms of life, 
such drastic measures are deemed necessary to prevent a War of the Worlds scenario 
(the famous H.G. Wells novel in which Martians invade Earth but are then killed by 
common terrestrial microbes). 
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One positive of the Mars sample return scenario is the fact that the gravity of Mars 
is only 38 percent that of Earth. This means that the required escape velocity — the 
velocity a rocket needs to attain to be able to break free of a planet's gravity and fly out 
into interplanetary space — is only 5 kilometers per second, less than half that required 
for our own planet. Since kinetic energy relates to the square of the velocity, the energy 
that a rocket would need to pack to be able to launch and fly away from Mars is thus 
about 20 percent of that required by a rocket with an equivalent payload on Earth. The 
fact that the Martian atmosphere is much less dense than that of our planet, meaning 
aerodynamic drag is much lower, will also help. A very large rocket will be needed to 
send a sample return lander to Mars, including the landing systems and Earth-return 
spacecraft, but the rocket incorporated into this lander for sending the samples back to 
Earth can be much smaller. 

An example of how it could be done, and how inherently complex it will be, is the 
international Mars Rover Sample Return (MRSR) mission that was presented by NASA in 
January 1987 (based on the results of several previous mission studies). According to that 
plan, NASA would have launched a rover to Mars in November 1996, tasked with collect- 
ing interesting rocks, sand and dust from the Martian surface using two robotic arms and 
a drill. The rover would be powered by an RTG, to make it independent from solar power. 
Accompanying the rover on its way to Mars would be a Rover Support Orbiter, function- 
ing as a relay station for Earth-rover communication and for tracking the rover in its trav- 
els over the surface of Mars. 

In the same year, an unspecified international partner (which most likely would have 
been the Soviet Union) would launch a spacecraft comprising a Sample Return Lander 
and an Orbiter incorporating an Earth Return System. It would probably have taken two 
launches, plus rendezvous and docking between the two parts in Earth orbit, to get this 
big Sample Return Spacecraft assembly on its way to Mars. The Sample Return Lander 
would softly touch down using small rocket engines, following atmospheric entry using 
a heatshield and a parachute descent, and then activate a radio beacon for the rover to 
home in on. 

The rover would scout a relatively large area in the vicinity of the lander for interest- 
ing samples, and bring these to the lander at the end of each of its excursions. The sam- 
ples, some five kilograms in total, would have been automatically loaded onto the Mars 
Ascent Vehicle part of the lander, which would then launch into Martian orbit using the 
lower part of the lander as a launching platform. The Ascent Vehicle would rendezvous 
with the Orbiter/Earth Return System, after which the samples would be transferred and 
the Return System would head for Earth. To avoid biological contamination of Earth, the 
return spacecraft would go into Earth orbit rather than land directly, and would rendez- 
vous and dock with the (then planned) U.S. Space Station in August 1999. Astronauts 
would perform some preliminary analyses, mostly to ensure that the samples did not 
contain dangerous microbes. If all was well, the samples would be brought to Earth on 
a Space Shuttle, so that they could be studied thoroughly by a range of specialized 
institutes. 
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Concept for the NASA rover that was to be part of the international Mars Rover Sample 
Return mission. [NASA] 


Meanwhile a second, similar mission would already have been underway, with launches 
in late 1998 and sample return to Earth in late 2003. This would have provided samples 
from a different region on Mars, and increased the chance of success of the overall 
endeavor. 

The number of rendezvous and sample transfer actions necessary in this scenario is 
extremely high. Several of these would take place at Mars and would have been impossible 
to directly control from Earth due to the distance and therefore communications time 
delays (up to 21 minutes each way, so notification of an event at Mars and relaying the 
appropriate order could take up to 42 minutes). An extremely high level of spacecraft 
autonomy would have to be incorporated, involving automatic docking and robotic arm 
operations. The risk that this daisy-chain would break at any given point is significant and 
almost always with the same grave consequence: no samples available for the scientists, 
and thus a lot of effort and money wasted. 

Moreover, the precautionary rendezvous with a space station as foreseen in NASA’s 
1987 plan would also fall foul of current planetary protection agreements, because the risk 
that the return capsule might fail to dock with the station and eventually (or even directly, 
if the Earth Orbit Capture manoeuver fails) enter the atmosphere would be deemed too 
great. If it is possible to design a return capsule that can be guaranteed to be hermetically 
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sealed even before it leaves Mars on its way to Earth, and from which the samples cannot 
leak out and contaminate their surroundings, even if the capsule fails on its way down 
through the atmosphere, then there is little point in including either a space station or any 
astronauts in the process. It simplifies the mission, while the planetary protection risks and 
necessary measures remain the same. 

The NASA Mars Study Team that designed the Mars Rover Sample Return mission in 
1986 and 1987 highlighted that their concept was "technically feasible" but cautioned that 
all of the technical issues “need to be addressed again in greater depth.” 

The Soviet Luna missions had automatically returned samples from the Moon in the 
1970s, but the Moon's gravity is fairly low and it is considerably closer than Mars, which 
simplifies the whole endeavor significantly (although even today such a mission would 
still be regarded as challenging and expensive). In fact, with their experience in robotic 
sample return from the Moon, the Soviets had already started to make plans for a Mars 
sample return mission of their own in 1970. Initially, this was based on an enormous, 
20-metric-ton spacecraft that would be launched on the giant N1 rocket, but when that 
launch vehicle failed to become operational, the mission was postponed and scaled down. 
The revised version instead envisioned using two Proton rockets to launch the elements of 
the sample return spacecraft. By 1978, however, this version was also cancelled because it 
was deemed too complex and expensive. 

The high cost of any Mars sample return endeavor is one of its main problems. The 
NASA Mars Study Team's *very preliminary" cost estimate for the NASA portion of their 
proposed 1996 and 1998 missions (thus excluding the complex Sample Return Spacecraft 
and related launches) was $2 to $2.2 billion, which today would amount to $4.4 to 4.8 
billion. It is likely that the entire mission would have cost at least double the NASA part, 
probably around $10 billion. This is a far higher sum than has ever been spent on any 
robotic space probe. More recent studies indicate that even the simplest Mars sample 
return mission, picking up samples from only one location and not including a collecting 
rover, will cost at least $4 billion. That's a lot of money for a single-location sample that 
may not turn out to be all that interesting. 

The potential value of the returned samples would be drastically increased by including 
the rover and carefully selecting the most interesting samples across a reasonably wide 
area, as in NASA's international Mars Rover Sample Return concept of 1987, but that 
would obviously increase the total mission cost. The budget for the Curiosity rover mis- 
sion currently on Mars, for instance, amounted to over $2.5 billion in today's dollars. 

Considering the high expense of getting it to Earth, the returned sample material would 
instantly become the most precious “rocks and dirt" available, at around $2 billion per 
kilogram. That is considerably more than for the Apollo lunar samples, whose 382 kilo- 
grams for a total program cost of about $210 billion in today's prices means an equivalent 
cost of ‘only’ $0.5 billion per kilogram, while bearing in mind that bringing back Moon 
rocks was not really the main goal of Apollo. At this price level, the value of the Apollo 
samples already rivals that of the most expensive diamonds in the world. 

The high cost, high complexity and high risk of any Mars Sample Return mission 
has precluded it from being turned into an actual project for about half a century now. If 
implemented, such a mission could eat up a very large chunk of NASA's space science bud- 
get, therefore impeding any other interesting missions from flying in the same time frame. 
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Its complexity also makes it highly susceptible to schedule delays and cost overruns, 
something that much less ambitious Mars exploration missions like NASA's Mars Science 
Laboratory and ESA's ExoMars rover have recently suffered from. 

The high costs and variety of spacecraft and launches required seems to make any Mars 
sample return mission a good candidate for international cooperation, as was foreseen by 
NASA in its plan of 1987. The last serious attempt to initiate such a mission was indeed a 
collaboration between NASA and ESA, as part of the NASA/ESA Mars Joint Exploration 
Initiative established in 2009 that was to lead to “the return of samples from Mars in the 
2020s." The NASA MAX-C (for Mars Astrobiology Explorer-Cacher) was to collect sam- 
ples for eventual return to Earth with a later mission, and was to launch to Mars at the same 
time as the ESA ExoMars 2018 rover. In 2011, however, MAX-C was cancelled due to 
budget cuts. To compensate for this, the ExoMars rover would instead become a joint 
ESA/NASA mission, combining the experiments and tasks of the two original rover con- 
cepts into one vehicle. But in 2012, NASA also pulled out of the ExoMars 2018 rover 
project, because it needed the money to pay for the severe cost overruns on the James 
Webb Space Telescope. After this, the Mars Joint Exploration Initiative and plans for an 
ESA/NASA Mars Sample Return mission died, much to the disappointment of the Mars 
science community. 


Artist's impression of a Mars Sample Return Ascent Module taking off from the surface of 
Mars, carrying a small amount of samples. [ESA] 
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In 2001, NASA presented a Mars exploration timeline in which a sample return mission 
was expected to take place in 2011. When 2011 arrived, no sample return mission was 
even under development, but that same year in the U.S., the Mars science community 
expressed the view that “Mars science has reached a point where the most fundamental 
advances will come from study of returned samples.” This view came in a presentation for 
the National Research Council’s 2011 Planetary Science Decadal Survey for the period 
2013-2022, the survey that is carried out only once every ten years and that forms one of 
the main inputs for NASA’s science mission planning. 

ESA’s Programme Board for Human Spaceflight, Microgravity and Exploration unani- 
mously confirmed in 2013 that “ESA participation in an international Mars Sample Return 
(MSR) campaign is to be considered as the most important medium term objective for 
robotic exploration, both as a self-standing objective for Mars exploration as well as a 
milestone on the path to human missions to Mars.” Discussions ESA had with NASA and 
the Russian space agency Roscosmos, however, did show that in the current economy and 
considering the funding required (widely agreed to be over $5 billion), “a rapid initiation 
of the mission can hardly be expected.” 

After false starts with MAX-C and the ExoMars rover, NASA is currently developing 
a sample collection rover that is to land on Mars in 2020. It is intended to collect interest- 
ing material on the go, leaving filled sample tubes in small piles along the route it travels 
while looking for signs of past life and areas that may have been habitable. A later rover 
would then trail its predecessor, picking up the samples to transport them to a single loca- 
tion for pick-up by a lander/ascent vehicle. This would then launch the samples up to an 
Earth return ‘Courier’ spacecraft in Mars orbit, possibly provided by ESA. The return of 
the samples is very tentatively scheduled for 2026. The 2020 rover could thus be consid- 
ered as the first step in the sequence of events necessary to get Mars samples into Earth- 
based laboratories. The undertaking currently remains very open ended, with no definite 
plans for the various spacecraft necessary to return the collected samples. 

Mars Sample Return nevertheless remains a firm goal of NASA and ESA, and both 
agencies are currently actively developing the necessary technologies in preparation for 
such a mission. Recently, China has also hinted that they may be interested in such a mis- 
sion, because a statement on its plans for a home-grown Saturn V-class launcher, the Long 
March 9, mentioned that this new super heavy-lift rocket could be used for the retrieval of 
samples from Mars (seemly implying that the Chinese strategy would be to launch the 
entire mission in one go, rather than using different launches for the landing and orbiting/ 
returning spacecraft assemblies). 

For all the recent Mars missions, we have been able to select really high-value samples 
from interesting areas on Mars, rather than just having to pick a landing point and hope to 
be lucky. Precision landing, an important enabling technology, has also been tackled, with 
the Mars Science Laboratory landing within meters of its target. The main technological 
challenges remaining appear to be the ascent vehicle and backward contamination 
prevention. 

It seems, then, that it will only be a matter of time before a Mars Sample Return mission 
will really take off, with the current ongoing technology developments finished, an improv- 
ing economic situation in the U.S. and Europe, and near-future rovers putting together a 
cache of samples ready to be picked up. This may be one of the “dream missions’ that we 
can finally see come true within a decade or two. 
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EUROPA OCEAN EXPLORER 


Until the late 1990s, Mars was seen as the most promising, and probably only, place in the 
solar system apart from Earth where life could have developed. But in 1995, NASA’s 
Galileo probe went into orbit around Jupiter and started to make repeated fly-bys of the 
giant planet’s four largest moons. Astonishingly, images and measurements returned by 
the space probe indicated that the Jovian moon Europa most likely has a vast ocean hidden 
under its thick outer shell of ice. 


This picture of Europa, assembled from images taken by NASA's Galileo spacecraft in the 
late 1990s, shows its complicated but rather smooth icy surface. [NASA/JPL-Caltech/SETI 
Institute] 


Back in the 1960s, the use of ground-based telescopes had already determined Europa's 
surface composition to be mostly water ice. Relatively detailed images taken by the two 
Voyager probes that visited Jupiter in 1979 showed a surprisingly smooth surface with a 
lack of large impact craters, indicating that Europa’s surface is relatively young. Very 
apparent were enormous cracks that dark, icy material had apparently flowed into, sug- 
gesting that the surface had been active at some time in the past. The fracture patterns, 
presumably caused by tidal forces as Europa orbits Jupiter in a very elliptical orbit, also 
indicated that Europa’s surface moved independently from the moon’s interior; in other 
words, that it was floating on top of a thick liquid layer, presumably water, which would 
seep into the cracks from below. 
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The Galileo probe confirmed all of this, and also showed how Jupiter's magnetic field 
was disrupted by Europa. This strongly implied that the moon has a magnetic field created 
by a deep layer of an electrically conductive fluid beneath the surface, most likely a global 
ocean of salty water, possibly containing more water than all the oceans and seas on Earth 
combined. 

With constant tidal flexing providing energy in the form of heat to drive chemical reac- 
tions, in a salty ocean that most likely borders on a rocky core that can provide nutrients 
(unlike in the case of other Jupiter moons), Europa turns out to be likely to have all basic 
ingredients required for the formation of life. While the surface ice layer, probably 
kilometers thick, prevents sunlight from reaching the subsurface ocean, we now know that 
does not necessarily preclude the existence of life; on our own planet, entire deep sea 
ecosystems manage to thrive without any sunlight. 

In 1977, explorers aboard the manned submersible Alvin discovered deep ocean thermal 
vents on our own planet, and to everyone's surprise found the area full of giant tubeworms, 
clams, limpets and shrimps. Such thermal vents, where hot, nutrient rich water spews out 
from the seabed, may also exist on the bottom of Europa's ocean. With Mars today lacking 
liquid water, at least in large quantities, and Europa likely harboring both a global subsur- 
face ocean and a source of heat to keep it liquid, we may actually have a better chance of 
finding life on this small Jovian moon than on the Red Planet. 

This, of course, has increased interest in the further exploration of the Jupiter system, 
and in particular Europa. At the time of writing, NASA's Juno mission is studying the 
giant gas planet itself, specifically what is hiding below the upper, visible layer of clouds, 
while ESA is currently developing JUICE, for JUpiter ICy moons Explorer, which is 
planned to be launched in 2022 and arrive at Jupiter in 2030. Once there, it will spend at 
least three years observing the giant gaseous planet and three of its largest moons, 
Ganymede, Callisto and of course Europa. 

Concurrently, NASA is developing a specific Mission to Europa (a catchier name is 
sure to follow at some point, but it was formerly also known as Europa Clipper), planned 
to send a spacecraft into a long, looping orbit around Jupiter to perform repeated close 
flybys of the icy moon. It is not planned to put the probe in orbit around Europa itself, 
because the moon lies well within Jupiter's zone of harsh radiation and even a radiation- 
hardened spacecraft would not survive there for more than just a few months. The Europa 
probe will be equipped with instruments designed to investigate exactly what is hiding 
below the moon's icy shell, including an ice-penetrating radar to determine the thickness 
of the ice layer and search for the unconfirmed ocean, and a magnetometer to measure 
the strength and direction of Europa's magnetic field, allowing scientists to determine 
the depth and salinity of that ocean. Gravity measurements would also help to confirm 
the existence of a subsurface ocean. Launch, aboard the SLS launcher currently being 
developed, is tentatively planned for 2022, the same as ESA's JUICE mission, but NASA's 
budget constraints may mean a launch later in the same decade. 

Confirmation of the existence of a salty ocean inside Europa would inevitably challenge 
us to take the next step of landing on this moon and investigating what lies under the ice. 
In its simplest form, which will nevertheless still be highly complex, the mission might see 
a spacecraft precision-landed at a place where water from the subsurface ocean has 
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recently spilled out to the surface, or may even be actively venting into space. If life exists 
in that deep ocean, we should be able to find traces of it in fresh ice deposits or active 
outflow at such places. NASA’s Mission to Europa will carry a thermal (infrared) instru- 
ment to search for recent eruptions of warmer water at or near the moon’s surface, provid- 
ing a survey of potentially interesting landing sites. 


While the ice shell of Europa may be tens of kilometers thick, water may vent out through 
geysers and/or be close to the surface at some locations. [NASA/JPL-Caltech] 
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At such places of recent water eruptions, the icy shell may also be relatively ‘thin’, in 
the order of just a few kilometers instead of the expected average of 20 to 30 kilometers. 
Rather than merely investigating relatively fresh ice originating from the ocean below, this 
would definitely tempt us to get through the ice and actually venture into the ocean. 
Drilling to get to the subsurface ocean, the usual way to get through thick ice layers, would 
require too much power, however, and is mechanically very complex. 

But melting through it may be feasible, involving a ‘hot’ probe able to melt the ice in 
front of it. Behind it, the water would re-freeze, but the so-called cryobot would maintain 
its link with the surface via power and data cables continuously rolled out on the way 
down. With such a system, the actual power source, the communication system for contact 
with Earth, and any other such systems could stay on the lander on the surface, keeping the 
cryobot relatively small. Once it breaks out into liquid water, the probe could release one 
or more submarine drones, or hydrobots, to explore the mysterious dark ocean. 


Artistic impression of a hydrobot, brought down into the subsurface ocean of Europa by an 
ice-tunneling cryobot. [NASA/JPL-Caltech] 
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In preparation for such a mission, NASA has been funding the development of an 
experimental cryobot named VALKYRIE (Very deep Autonomous Laser-powered Kilowatt- 
class Yo-yoing Robotic Ice Explorer). This vehicle, 25 cm in diameter and 2.5 meters long, 
uses laser light funneled down from the surface to the cryobot using fiber optics, which the 
cryobot then uses to generate hot water jets to melt its way through the ice. Part of the laser 
light is also converted to electrical power for running the onboard electronics and water 
pumps. In 2014, VALKYRIE was tested on a glacier in Alaska, melting its way at an average 
of 1 meter per hour to a depth of 31 meters, using a 5-kilowatt laser. In parallel, Stone 
Aerospace, the same company that is developing VALKYRIE, is also working on ARTEMIS 
(Autonomous Rover/airborne-radar Transects of the Environment beneath the McMurdo Ice 
Shelf), a prototype for an underwater mothership, which has been tested in Antarctica, that 
deploys a fleet of smaller probes able to explore the subsurface ocean. 

However, a credible cryobot concept would only be the beginning. For a start, an opera- 
tional cryobot using lasers to melt through kilometers of ice will require a lot of power to 
ensure a reasonable descent speed and to compensate for energy losses in the long, snaking 
cable. At VALKYRIE's average of 1 meter per hour, achieved over the relatively small dis- 
tance of 31 meters, it would take more than a year to get through 10 km of ice. At the distance 
that Jupiter is orbiting the Sun, solar power is marginal, however, and NASA's recent Juno 
orbiter was fitted with high-efficiency solar arrays with a total surface area of 60 square 
meters. Even these provide only 500 watts at Jupiter (whereas at Earth, much closer to the 
Sun, they would provide 14,000 watts). VALKYRIE already requires 25 kilowatts of input 
power, which is fifty times more power than Juno's arrays can deliver. An operational probe 
able to melt its way through kilometers of ice at Europa in a more reasonable time will require 
many hundreds of kilowatts. The surface area of the solar arrays that would be required to 
provide that much power would be an unworkable tens of thousands of square meters. 

The ideal power source would be a small nuclear reactor, but the development of such 
equipment for space applications has been dormant in both the U.S. and Russia since the 
1990s, partly because of the obvious safety concerns of putting radioactive material on top 
of a rocket. In the event of a launch failure the reactor would need to stay intact, capable 
of surviving not only a rocket explosion, but also impact with the ground or ocean surface. 
Most likely, it would then need to be retrieved afterwards, which could be difficult if it 
sank to great depth in the ocean (launchers typically fly over oceans, to drop empty stages 
safely and to minimize risk in case of failures). 

The part of the mission that stays on the surface of Europa would also need to be pro- 
tected against the onslaught of radiation from Jupiter. It would help to set the lander down 
at a location where the bulk of the moon protects it from most of the giant planet's radia- 
tion. Because Europa is tidally locked to Jupiter, with one hemisphere always facing 
towards Jupiter and the other always away, such a favorable landing location would 
provide protection continuously. 

There is a range of other technologies that will need to be developed before we can 
send a cryobot, or even a simpler lander, to this cold and hostile moon, including ultra-low 
temperature batteries and ultra-low temperature electronics. Because the very long com- 
munication delays due to the enormous distance between the Earth and Jupiter would 
make direct remote control impossible, and because at close distance the surface of Europa 
is likely to be very complex, an intelligent landing system would also be needed, capable 
of finding and maneuvering to a safe touch-down site autonomously. Adding to the 
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complexity, once again, would be the stringent planetary protection measures necessary to 
prevent pollution of Europa’s tentative ecosphere and to avoid ambiguity in the probe’s 
measurements. The resulting spacecraft system would therefore be rather large and heavy. 

As is the case with Mars Sample Return, the drive for such an ambitious mission would 
not only be pure science, but also the much wider, philosophical questions related to life 
beyond Earth: Does it exist? Is it similar to life on Earth? Does it have a similar origin 
(DNA)? How did such life originate? This would hopefully help us to begin to answer one 
of the major questions of humanity: Are we alone? Or, to elaborate: Is life ubiquitous in 
the universe, and if so, is its evolution into intelligence inevitable or exceptional? 

If the existence of an ocean inside Europa is confirmed, it is very likely that a Europa 
lander may appear towards the end of a new Jupiter exploration timeline as a next ultimate 
goal for interplanetary science, especially if samples from Mars have finally been sent to 
Earth by then. But because of the technical complexity and high cost, it is highly unlikely such 
a mission will be launched before the 2030s. Considering how long it has taken to try to get a 
Mars Sample Return mission off the ground without success, it may be much later than that. 


PROMETHEUS 


Still on the topic of Jupiter, before NASA’s Juno, ESA’s JUICE and NASA’s Mission to 
Europa, there was a project called Prometheus (also known as JIMO, for Jupiter Icy Moons 
Orbiter). Prometheus/JIMO was seriously studied by NASA in the early 2000s, but had 
preliminary design specifications that even overshadowed those of Voyager Mars. It was a 
58.4-meter long, 15.7-meter wide monster, powered by a 200-kilowatt nuclear fission 
reactor. The whole concept echoed the grand schemes of the 1960s, and in fact had many 
similarities to the nuclear-electric spacecraft concepts developed in that decade. 


1962 JPL concept for a nuclear-electric Space Cruiser for high-energy propulsion missions. 
[NASA/JPL] 
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The inclusion of a nuclear reactor immediately made Prometheus a very controversial 
project, of course. Relatively small nuclear reactors have flown in space before, onboard 
Earth orbiting satellites. The U.S. launched only one, in 1965, but during the 1960s 
and 70s, many Soviet spy satellites were powered by fission reactors. The danger involved 
became very apparent when one of these, the infamous Kosmos 954, inadvertently re- 
entered the atmosphere in January 1978 and spread radioactive debris over northern 
Canada. The extensive joint Canadian-U.S. clean-up operation had to sweep an area of 
124,000 square kilometers and managed to recover only one percent of the reactor fuel, the 
rest having burned up during re-entry or remaining undiscovered. One fragment found had 
such a high radiation level that just a few hours of contact would have been sufficient to 
kill a person. 

JIMO, propelled by a revolutionary low-thrust/high-efficiency ion propulsion system 
with eight main thrusters, and running on electrical power provided by the miniature 
nuclear reactor, would have been able to enter and leave orbits around the moons of Jupiter 
at will. This would have allowed more thorough observations than current Jupiter missions 
being developed, which can only perform short fly-by maneuvers of the Jovian moons 
because of propellant limitations inherent to the use of conventional, relatively inefficient 
chemical propulsion systems. 

JIMO would have had a total mass of 36 metric tons, of which 12 tons would consist of 
Xenon propellant. The scientific payload would have amounted to an unprecedented 
1,500 kg and the estimated price for this beast was, of course, equally unprecedented, at 
$21.5 billion in 2004, or $27.5 billion in today’s dollars. That is about ten times more than 
NASA typically spends on a ‘Flagship Program’ mission, its largest class of interplanetary 
probes. 

JIMO needed to be deployable to its full specified length to ensure sufficient distance 
between the nuclear reactor on one side and the rest of the spacecraft on the other. Even 
then, a radiation shield would have been required to keep the sensitive equipment from 
being fried by the power source. The boom between the two main spacecraft elements 
would have sported an impressive amount of radiator surface to disperse the large amount 
of heat produced by the 200-kilowatt reactor. 

It would have taken three launches, planned to take place between October 2015 
and January 2016, to get the folded-up JIMO and two transfer rocket stages into 
orbit. These transfer stages were meant to push JIMO out of Earth orbit and on its 
way to Jupiter, with the nuclear reactor only switched on once it was well away 
from Earth. 

Compared to any ‘normal’ space probe, JIMO would have represented a leap forward 
in capabilities. Consider for instance that the Radioisotope Thermoelectric Generator 
(RTG) of Cassini, the fairly large probe orbiting Saturn at the time of writing, produced 
only 880 watts of power at the start of the mission, a factor of 230 less than JIMO and 
scarcely enough to power nine old-fashioned light bulbs. The differences were also nota- 
ble for the mass of the payload instruments: 49 kilograms for Cassini versus 1.5 metric 
tons for JIMO, a factor of 30 greater. 
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Artist's illustration of the Jupiter Icy Moons Orbiter (JIMO) at Jupiter. [NASA] 


The spacecraft was planned to have so much power and mass available for payload, in 
fact, that NASA had difficulty filling it up at the time, and actively engaged scientists in 
both the U.S. and Europe to come up with ambitious instrument plans for implementation 
into JIMO. Among those foreseen were a powerful ice-penetrating radar system, a data 
transmitter with exceptionally high signal strength and bandwidth, and a nuclear-powered 
(!) Europa lander. 

Normally, missions are designed around scientific requirements and preliminary pay- 
load instrument designs, not the other way around. However, in the case of JIMO, a main 
driver was that it offered the opportunity to develop radical new technology that could later 
also be used for other space exploration missions and purposes. The nuclear-electric pro- 
pulsion system was being developed by the U.S. Department of Energy’s Office of Naval 
Reactors, whose main job is to manage the development and production of nuclear propul- 
sion plants for the U.S. Navy’s submarines and aircraft carriers. Military application 
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Overview of the main elements of the Jupiter Icy Moons Orbiter (JIMO) spacecraft. The large 
probe had to be ingeniously folded up to fit inside the launcher fairing. [NASA] 


possibilities of the JIMO power supply technology may therefore also have been a driver, 
although this is not officially mentioned anywhere. A previous project aimed at develop- 
ing a nuclear reactor for use in space, the 100-kilowatt SP-100, for instance, had President 
Reagan’s ‘Star Wars’ space weapons program as a main customer as well as NASA. (SP-100 
development was cancelled in 1994, after 10 years of work, mainly because the projects 
for which it was intended to be used did not materialize.) 

On September 20, 2004, the aerospace and defense company Northrop Grumman 
was selected to prepare a preliminary design for JIMO’s propulsion system by 2008. 
The budget for this was $400 million, a relatively small part of the total cost of the mis- 
sion, but nevertheless a serious amount of money for a space project, especially for 
what was only a preliminary study. This highlighted that NASA was taking JIMO very 
seriously, in spite of its extremely ambitious scope which, for a space exploration mis- 
sion in the 2000s, looked somewhat outrageous from both a technology and a financial 
point of view. However, NASA soon backtracked on its support. Having re-evaluated 
its available funding and taken into account the cost of getting the Space Shuttle flying 
again after the loss of Columbia in 2003, the funds needed for the International Space 
Station, and the budget required for the new Crew Exploration Vehicle (all of which 
were given higher priority), NASA found that it would not be able to afford the com- 
plete JIMO mission. 
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The project was officially discontinued in October 2005, and nothing remotely like it 
appears in NASA’s current plans. The JIMO technology appears to remain a solution look- 
ing for a problem, at least for the time being. 


SOLAR SAILING 


Sending space probes into deep space to investigate distant planets or to rendezvous 
with comets and asteroids typically requires large changes in velocity, either to 
reach their target in a reasonable time, or because that target is moving at a very dif- 
ferent speed to that of the Earth. That means big, expensive rockets and heavy pro- 
pellant tanks on the spacecraft. Slingshot planetary flybys can be used to increase 
velocity and change orbits, as with most probes sent to the outer solar system, or 
solar-electric low-thrust propulsion is an option, but these increase the mission time 
considerably in comparison with a powerful chemical propellant boost for a direct 
trajectory to the target. 

There is an alternative, however, one that mostly eliminates the need for onboard 
propulsion, namely solar sailing. Some 400 years ago, the famous astronomer Johannes 
Kepler noted how the tails of comets were swept away by a mysterious ‘breeze’ from 
the Sun, and imagined it might be possible to use this to propel spaceships. We have 
since learned that light exerts a tiny force on anything it is reflected by. The push at 
the distance of the Earth to the Sun, called an Astronomical Unit (AU, about 150 mil- 
lion kilometers) is extremely small, at about 9 Newton (equivalent to a kilogram of 
weight) per square kilometer. At the orbit of Mercury, however, much closer to the 
Sun at 0.39 AU, the force is nearly seven times higher; still not much, but a noticeable 
difference. 

That puny force per square kilometer requires a very large, highly reflective surface 
with a very low mass to make it count: a mirror sail. In the 1920s, Russian spaceflight 
theorist Konstantin Tsiolkovsky and a fellow Russian spaceflight pioneer by the name of 
Friedrich Tsander were the first to propose “using tremendous mirrors of very thin sheets 
to utilize the pressure of sunlight to attain cosmic velocities.” 

The pressure from sunlight may be tiny, but it is continuous and free (both in terms of 
propellant mass and money), and therefore theoretically able to propel a very light space- 
craft to impressive speeds over time, especially if you first send it closer to the Sun to 
benefit from a significantly larger solar radiation push and therefore higher acceleration 
and outbound velocity. 

In his recent book Human Spaceflight, from Mars to the Stars, solar sail pioneer 
Louis Friedman proposed that if we build a solar sail with an effective area-over-mass 
ratio of about 275 square meters per kilogram (i.e. a sail for which each 275 square 
meters has a mass of only one kilogram), and send that to a distance of 0.15 AU from 
the Sun for the start of its outbound journey, it would end up exiting the solar system at 
about 15 AU per year. That would be incredibly fast. NASA’s New Horizons, which flew 
past Pluto in 2015, is among the fastest probes ever launched; at the time of writing it is 
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speeding out of the solar system at 14.4 kilometers per second. That, however, is quite 
slow compared to our hypothetical solar sail’s 15 AU per year, which is the equivalent 
of about 71 kilometers per second. 

But making sail material sufficiently light is only one aspect. To be useful, the probe 
would also need to carry scientific instruments, control systems, a communications sub- 
system and other equipment. The mass of all this gear would need to be compensated for 
by using more sail area and/or lighter sail materials in order to bring down the average 
mass per square meter ratio. A modest sized 100-kilogram space probe, for example, 
would need a solar sail area of 166 by 166 meters (without taking into account the mass of 
the sail itself) to achieve the desired area-over-mass ratio. 

Of course, the sail also has mass. Even with sail material only a micrometer thick, 
some 50 times thinner than a human hair, a 166 by 166-meter sail would still have a 
mass of about 16 kilograms. Our 100-kilogram spacecraft would therefore be left with 
an equipment mass limitation of 84 kilograms, which is quite small for a deep space 
probe. New Horizons, for instance, had a mass of 400 kilograms, excluding propel- 
lant. Louis Friedman, however, is confident that with technologies already being 
developed today, we will be able to build better solar sails than in the above example 
in the not too distant future. 

You might expect, with the need for miniaturized, extremely light equipment and ultra- 
thin yet strong sail material, that solar sail missions would only now be starting to be 
considered seriously by the world’s space agencies. However, back in the mid-1970s, 
NASA’s Jet Propulsion Laboratory (JPL) studied a large solar sail mission for a rendez- 
vous with the famous Comet Halley. 

The problem encountered at the time was not so much that the comet was orbiting far 
away or extremely fast, but rather that its orbit is so steeply inclined with respect to the 
plane of the Earth’s orbit around the Sun that it actually travels backwards relative to the 
Earth and all the other planets. A very short, very fast fly-by would be feasible with con- 
ventional technology (as ESA’s Giotto probe was able to do in 1986), but actually match- 
ing the comet’s orbit to stay with it for an extended time and enable continuous observation 
(as ESA’s Rosetta mission finally did with a different comet from 2014 till 2016) would 
require an enormous amount of energy. 

JPL saw solar sailing as the solution, with the required energy being provided by the 
Sun. The amount of time available to organize such a novel and ambitious mission was 
very limited, however. Because Halley’s orbit is also highly eccentric, it comes close to the 
Sun only once every 76 years. To take advantage of the once-in-a-lifetime opportunity, the 
rendezvous would have to take place in 1986. 

Near the Sun, comets are at their most interesting, as it is the period in which they 
form a tail as the increasing heat triggers outbursts of gasses and particles. In addition, for 
most of its orbit Halley is far away, swinging out as far as 35 AU and making it difficult 
to reach except during its brief visit to the inner solar system. The only short-term oppor- 
tunity available to conduct such a study of high scientific as well as historic — and there- 
fore symbolic — value, was already rapidly approaching as the mission was being 
evaluated in the mid-1970s. 
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Based on a concept from Jerome Wright, an engineer at the Battelle Memorial Institute, 
JPL started design work on a gigantic solar sail of about 800 by 800 meters in 1976. 
The sail resembled an enormous, square kite, supported by four diagonal cross beams. The 
actual space probe it would carry would also have been quite substantial, with a mass of 
around 800 kilograms. The solar sail would be launched by the Space Shuttle around 1981 
and would then potentially be assembled by astronauts in Earth orbit to simplify the expan- 
sion of the sail. Packing a large, very thin sail into a relatively small launch canister and 
then having it automatically unfold into a taut sail without ripples or tears is still one of the 
main challenges of solar sail design. 


Artist’s impression of a rectangular solar sail, similar to the one originally considered by JPL 
to catch up with Comet Halley. [NASA] 


Once deployed in space, the solar sail would first use the solar radiation in ‘braking’ 
mode, effectively thrusting against the direction of travel and lowering, rather than increas- 
ing its orbital speed around the Sun. This would make it spiral slowly closer to the Sun 
over a duration of 250 days, until arriving at a closer, 60-day solar orbit. Using the higher 
light pressure at that distance, the solar sail would then gradually increase the inclination 
of its orbit over the next nine months to match that of Halley’s Comet. With some further 
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maneuvering to adjust the shape of the probe's orbit more accurately to that of the comet, 
a low-speed rendezvous could then take place in early 1986. 

On paper this all worked fine, but JPL saw two major problems: deploying a sail of 
such truly spectacular size (especially since no solar sail had ever been launched before) 
and the questionable availability of a Space Shuttle and crew, as this new launch system 
was still under development at the time of the study. 

As a consequence, in early 1977, the square solar sail design was replaced by a solar 
sail concept called a heliogyro, originally invented in the mid-1960s by Richard 
MacNeal and John Hedgepath. The heliogyro would consist of twelve narrow rectangu- 
lar sails, each 6.4 kilometers long but only 7.6 meters wide. Resembling a gigantic 
windmill or helicopter, the system would slowly spin so that the resulting centrifugal 
force would automatically deploy the sail *blades' from their containers and keep them 
straight, without requiring either heavy and complicated mechanisms and support struc- 
tures, nor any hands-on help from astronauts. As on a helicopter, the blades would have 
variable pitch, so that sunlight pressure could be used to spin up the vehicle and allow 
control of the spacecraft's attitude and acceleration/deceleration. Since astronaut assis- 
tance with deployment would not be needed, launchers other than the Space Shuttle 
could be used. 


SOLAR SAIL 


Artistic impression of the heliogyro solar sail that was envisioned to rendezvous with Comet 
Halley in 1986. [NASA/JPL] 
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Although this was an improvement over the original square sail concept, NASA 
unsurprisingly decided that even the heliogyro had too many unknowns (such as 
6.4-kilometer-long sails) and doubted that it could be developed in time to catch the comet. 
In September 1977, NASA officially abandoned the whole solar sail idea. The agency then 
considered an alternative mission based on solar-electric propulsion, but with serious cost 
overruns on the Space Shuttle, NASA ultimately decided that it could not afford such an 
ambitious mission at all. With the American scientific community deeming that a more 
affordable fast-flyby mission would be scientifically inadequate and instead prioritizing 
other missions, the U.S. ended up not sending out anything to meet Halley’s Comet in 
1986. The Soviet Union, Japan and ESA, on the other hand, did all launch fly-by probes to 
Halley, and ESA’s Giotto in particular proved that such missions could in fact return valu- 
able scientific information. Giotto was far more modest in scale and ambition than NASA’s 
heliogyro, but at least it flew. 

As we have seen with other overly ambitious concepts throughout this book, the solar 
sailing mission to Halley’s Comet was a child of its time. It is difficult to see NASA taking 
it as seriously today as it did in the 1970s, even with decades of electronics and materials 
developments since then. Imagine deploying, controlling and steering an enormous con- 
traption with twelve sail arms, each several kilometers long, without ever having even 
launched a smaller technology development test mission. The deployment dynamics alone 
would be horrendously difficult to predict. 

I am fairly closely involved in the early development of new European robotic space 
missions, and I can hardly imagine a concept like a 13-kilometer diameter solar sail 
even being considered for near-future implementation by ESA, or even NASA, today. 
Certainly not for something with a highly-constrained window of opportunity such as 
an encounter with Halley's Comet, which leaves no time for schedule delays. This is 
not necessarily a matter of a lack of imagination or daring in today's space agencies, 
but more the result of accumulated experience and lessons hard learned about what can 
really be done within a set budget, in a given time and with acceptable risks. It is surely 
better to design reasonably ambitious missions that actually get launched than overly 
ambitious plans that never make it past the PowerPoint presentation. The NASA helio- 
gyro was the first, and also the last, really large solar sail concept ever to be seriously 
considered for implementation. 

A few, much smaller, prototype solar sails have actually been launched since: 
Japan's IKAROS (Interplanetary Kite-craft Accelerated by Radiation of the Sun) in 
2010, and the Interplanetary Society's low Earth orbit nanosat solar sail technology 
demonstrator, LightSail 1, in 2015. IKAROS, sent into the inner solar system together 
with the AKATSUKI probe bound for Venus, did successfully deploy a 200-square- 
meter sail, and tested the use of solar radiation pressure for acceleration as well as 
attitude control. LightSail 1 was merely sent on a ‘shakedown cruise’ in an orbit too 
low above the Earth's atmosphere for real solar sailing, but it did test the deployment 
sequence. At the time of writing, the Interplanetary Society is preparing to launch 
LightSail 2, which should be put into a sufficiently high orbit to test acceleration by 
use of a solar sail properly. 
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Considering the many unknowns related to the still-experimental solar sail technology, 
and the fact that any scientifically useful solar sail probe will inherently need to be very large 
(at least if based on our current and near-future technology), it will likely take quite a few 
more small-scale test missions and at least a large demonstrator spacecraft before solar sail- 
ing will be seriously considered for an actual robotic exploration mission once more. 

In the meantime, there are already plans for solar sails that do not merely rely on the 
rather weak solar pressure of the Sun, but instead propose the use of powerful lasers, on or 
off the Earth, to push the spacecraft possibly all the way to the nearest stars. More on this 
in a later chapter. 
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The 1950 U.S. movie Destination Moon can be considered as the first to portray a human 
interplanetary mission realistically (in this case to the Moon); much more so than the 
German movie Frau im Mond of 20 years earlier. Aside from its interesting story, Destination 
Moon also tries to explain the basics of spaceflight. This is accomplished through the clever 
use of a ‘film within a film’, which is a cartoon starring Woody Woodpecker that explains 
in simple language to some of the characters in the movie, and hence also the general public 
in the cinema, how the planned lunar mission is going to work. 

Space pioneer Hermann Oberth was an advisor for the movie, together with well- 
known science fiction author Robert A. Heinlein. The gorgeous scenery in the film was 
painted by famous astronomical artist Chesley Bonestell. All kinds of space flight phe- 
nomena with which we are now familiar, such as weightlessness, the low lunar gravity, 
space suits with radio, landing procedures and the lack of sound in space, were shown 
quite realistically for the first time. A pressure bottle is used for emergency propulsion in 
this movie, long before Sandra Bullock managed to save herself in a similar way in the 
2013 movie Gravity. 

Compared to the relatively realistic multi-stage rocket seen in Frau im Mond, however, 
the use of a single-stage nuclear rocket as depicted in Destination Moon appears less cred- 
ible today, although given the miracles that were expected from the use of nuclear power 
at the time, the movie maker’s choice is perhaps understandable. The idea of landing the 
entire spacecraft on the Moon and then launching the whole thing back to Earth was also 
standard for 1950, with the concept of a separate lunar lander in combination with a mother 
ship only being devised and accepted by NASA quite late in the development of the Apollo 
program. 

The Cold War tensions already rising in the late 1940s are also seen in Destination 
Moon, as the lunar rocket is sabotaged by an unknown power. In the pre-Space Race era, 
however, it was apparently still too early to mention the Soviet Union explicitly as the 
likely culprit. At the end of the movie, an inspiring text appears on the screen: “This is 
THE END ... or the Beginning.” 
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The Moon always was the most natural first target for human missions beyond Earth 
orbit, and when Neil Armstrong and Buzz Aldrin landed at the Sea of Tranquility in 1969, 
a long-held dream of the early space pioneers finally came true. But to many in the human 
spaceflight business, the Moon was only a stepping stone, a near-term objective for the 
natural expansion of humanity into the solar system. 

Mars, a much larger and more interesting world, was the real target. Until 1965, when 
NASA’s Mariner IV probe returned the first close-up pictures of the Red Planet, it was also 
widely believed to be far less hostile than the Moon. In fact, the first human spaceflight 
expedition that Wernher von Braun worked out in considerable detail was not a lunar mis- 
sion but a large-scale endeavor to explore Mars. 

Mars has mesmerized astronomers for centuries and has inspired science fiction 
authors and spaceflight enthusiasts over the last hundred years or so. Even more so than 
the Moon, which even the earliest telescopes soon revealed to be a dead world, Mars 
held — and still holds — the promise of life. Robotic probes have proven that Mars certainly 
does not house a thriving extraterrestrial civilization, nor is it a comfortable place to live 
for humans, but at least with the right technology it should be survivable. The same can- 
not be said for our other near neighbor, the hothouse hell that is Venus. Mars has a very 
thin atmosphere and water ice near the surface, at least at some locations. Temperatures 
can get very low, down to minus 125 degrees Celsius at the poles in winter, but a warm 
summer day at the equator could see the mercury spike to plus 20 degrees Celsius. The 
temperature at night would still drop to minus 100 degrees or so, but spacecraft and 
spacesuits can easily handle that. We now know that Mars has seen warmer and wetter 
periods in its distant past, and in those days it would have been more capable of sup- 
porting life. Martian 'extremophile' microbes may even survive to this day, probably 
underground. 

Sending humans to Mars, however, is no easy feat and will be far more complex than 
landing people on the Moon. By following a minimum-energy transfer orbit, to reduce 
propellant requirements and hence the size of the spacecraft, it would take about eight 
months to get from the Earth to Mars. The crew will need to be kept alive for that duration, 
and with no opportunity to take on additional supplies, recycling of oxygen and water will 
also be very important to keep the size and mass of the spacecraft down. During the eight- 
month period, most of which would involve coasting through empty space without any 
thrust, the crew would be exposed to levels of radiation that are significantly higher than we 
experience on Earth, where we are protected by the Earth's magnetic field and atmosphere, 
especially when crossing the path of a solar eruption. Shielding and an onboard 'solar storm 
shelter' incorporating additional radiation protection will therefore also be required. 

Because both the Earth and Mars circle the Sun independently, departure windows for 
low-energy Earth-Mars flights occur only once every 25 months. To get back, you could 
also take a minimum-energy return flight to Earth, but that would mean staying at Mars for 
over a year to await the opening of the departure window. Shorter stays and earlier depar- 
tures would be possible, but would require more propellant that would need to be launched 
from Earth, and would thus require a substantially larger (and therefore more expensive) 
spacecraft. The minimum-energy return trip would again take eight months, with the same 
issues as mentioned for the outbound flight. 
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Overall, an energy/propellant efficient trip to Mars and back would take about 
30 months. This would include 16 months spent in weightlessness, unless you spin your 
spacecraft for artificial gravity which would require a long rotational arm to avoid motion 
sickness, and over a year in the low gravity of Mars, at about 38 percent that of Earth. The 
physiological implications of life in low-gravity are currently not fully understood, let 
alone the psychological issues related to such a long mission in probably rather cramped 
quarters, with nowhere to go and no one to ask for help if supplies run out, hardware fails, 
or the crew gets on each other’s nerves. 

Since von Braun’s Mars Project plans, which were drawn up in the late 1940s, mission 
concepts to put humans on Mars have typically set their goal 20 to 30 years in the future. 
Unfortunately, it has remained 20 to 30 years in the future consistently for the last 70 
years. Budget limitations and other priorities, both on Earth and in space, have kept such 
a mission ‘just over the horizon’ ever since the end of the Apollo program. Is there a 
chance this deadlock will be broken anytime soon? 


THE MARS PROJECT 


Although Wernher von Braun presented the Moon as man’s first target in space in his 
famous Collier’s magazine articles and Disney television presentations, his real goal was 
always to get to Mars. Having helped the U.S. Army to launch captured and upgraded V2 
rockets at Fort Bliss in the late 1940s, von Braun found himself without much to do. He 
used his spare time to put his thoughts on a manned Mars mission to paper, in the form of 
a science fiction novel called The Mars Project. The story itself is generally regarded as 
being rather mediocre, but what set the novel apart from other science fiction was its 
appendix filled with calculations and schematics. 

Ironically, it was this appendix that drew most attention, first being published in West 
Germany in a special edition of the spaceflight journal Weltraumfahrt and then as a book 
titled Das Marsprojekt in 1952. It was translated and published in the U.S. in 1953 as The 
Mars Project, although the story itself didn’t get printed until 2006 when Apogee Books 
published the complete work as Project Mars: A Technical Tale. 

Ever the optimist, von Braun set the launch date of his fictional mission to 1985. That 
year, a crew of 70 men (women always seem to be absent from pre- 1970s mission con- 
cepts) would set off to the Red Planet aboard a fleet of seven passenger spacecraft and 
three similar cargo ships. These large spacecraft would have been assembled in Earth 
orbit from elements flown up on 950 reusable shuttle flights (seven times the number of 
Space Shuttle missions that NASA actually managed to fly over a time span of three 
decades). 

The Mars rocket ships would use a rather nasty, highly corrosive and toxic combination 
of nitric acid and hydrazine as propellant. Unlike safer and more efficient options such as 
liquid hydrogen and oxygen, the nitric acid/hydrazine combination had the crucial benefit 
of not requiring refrigeration during the three-year round-trip. 

Upon arrival in Mars orbit, onboard telescopes would be used to find a suitable 
spot to set up a base camp near the equator, the warmest and lightest zone on Mars. Then 
a winged lander would detach from one of the cargo ships and glide down through the 
Martian atmosphere. To avoid a landing on unknown and likely rough terrain at high speed 
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Cover of the special edition of the German spaceflight journal Weltraumfahrt, in which von 
Braun's Mars Project was described. 


on wheels, the first lander would touch down at one of the icy poles using a ski undercar- 
riage. The first crewmembers on Mars would then trek some 6,500 kilometers to the equa- 
torial target site aboard caterpillar ‘crawlers’, then set up the base camp and build a landing 
strip so that the rest of the expedition’s landing crew could fly in using two gliders equipped 
with wheeled undercarriages. Out of the 70 expedition members, some 20 astronauts 
would stay in orbit to look after the orbiting fleet. 

After 449 days, the orbital positions of Mars and the Earth would be right for a return 
flight. The astronauts would then strip their landers of their wings and undercarriage and 
maneuver them into an upright position, then launch themselves back into orbit around Mars 
to rendezvous with their motherships and return home. The first lander would be abandoned 
on the polar surface, however, because the energy needed to launch it back from such a high 
latitude into the equatorial orbit so that it could rendezvous with the interplanetary fleet 
would be prohibitive. After a total expedition duration of 2 years and 239 days, of which 
some 400 days would be spent on or near Mars, the crew would be back in Earth orbit. 

Von Braun correctly pointed out that the huge amount of propellant necessary is one of 
the main limitations in designing human missions to Mars, and that the propellant load 
would need to be kept as low as possible to make the mission feasible. Adding propellant 
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to an interplanetary spaceship is a precarious thing to do, because launching extra propellant 
(and tanks to house it) from the Earth to Mars will in itself cost more propellant; a snow- 
ball effect that can quickly get out of hand. Von Braun therefore incorporated minimum- 
energy transfers from the Earth to Mars and vice versa into his mission profile, which 
inevitably meant a relatively long stay on Mars to wait for the planets to move into the 
required position to make the economical return flight possible. All human Mars mission 
designs since then have incorporated minimum-energy transfers, but have also proposed 
employing exotic, high-efficiency propulsion systems or the use of propellant manufac- 
tured on Mars itself in an effort to minimize their propellant needs. 

Von Braun’s whole enterprise strongly resembles the way great historical expeditions 
of exploration had been set up on Earth, using multiple vessels for redundancy, a large 
multidisciplinary crew and a base camp, and with no trace of the robotic probes such as the 
ones that were actually launched to the Moon to prepare the way for the Apollo astronauts. 
Neither did von Braun foresee the possibilities that rapid advances in communications 
technologies would soon provide, or the extensive ground station coverage that NASA 
would build up in the 1960s. He assumed that the expedition would need to be fully self- 
supporting, with all the necessary experts coming along to Mars. Nowadays, we plan for 
extensive ground control support, with scientific and technical experts remotely support- 
ing a small group of astronauts by radio rather than being on location themselves. 

In line with his classical exploration philosophy, and in contrast to how many science 
fiction stories described it at the time, von Braun viewed an ambitious expedition such 
as he had defined as a major government undertaking: “Since the development of the long- 
range liquid rocket, it has been apparent that true space travel cannot be attained by any 
back-yard inventor, no matter how ingenious he might be. It can only be achieved 
by the coordinated might of scientists, technicians and organizers belonging to nearly 
every branch of modern science and industry.” 

In the introduction to the reprint of his Mars Project book in 1962, von Braun wrote 
that due to technological advances since its original printing, “...the technical and logistic 
requirements for an expedition to Mars have enormously shrunk in size,” and that “a large 
expedition to Mars will be possible in fifteen or twenty years at a cost which will be only 
a minute fraction of our yearly national defense budget.” 

In fact, in the book The Exploration of Mars, published in 1956, he had already revised 
his plan to use only two ships; a passenger ship with a crew of just 12 and a cargo ship 
carrying a lander with two tractors for surface exploration. This simplification drastically 
reduced the propellant requirements and hence the number of shuttle supply flights, from 
950 to ‘only’ 400, with a shuttle system significantly smaller than in his earlier Mars 
Project plan. Nevertheless, the revised plan’s launch rate of two shuttles per day, which 
would have to be maintained over seven months using only two launch pads and would 
involve a complete launch vehicle turn-around time of just five days, still seems ludicrous 
today. 

In terms of technology, von Braun’s Mars Project concept became outdated only a few 
years later. When the Mariner IV space probe flew past Mars in 1965, it discovered that the 
Martian atmosphere was about ten times less dense than expected and about a hundred 
times thinner than that on Earth. This was far too thin for the wings of von Braun's big 
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Wernher von Braun in his office in the early 1960s. [NASA] 


landing craft to be effective. Since then, Mars lander designs have been based on squat 
conical capsule shapes, with heatshields, parachutes and landing rockets, rather than beau- 
tiful glider concepts. 

Today, we estimate that a relatively modest human expedition to Mars, landing a few 
astronauts just once, will cost at least $100 billion. Von Braun’s very ambitious expedition 
concept of 1948 would cost much more than that, and bearing in mind that the U.S. defense 
budget is currently over $600 billion a year, his argument that such a mission would cost 
“only a minute fraction of our yearly national defense budget” is also unrealistic. In truth, 
a project of that size and scope would likely cost at least the equivalent of one year of 
current defense budget spending. However, the costs would probably be spread out across 
a program of 20 or so years, in which case the annual cost would only register at some 
5 percent of the yearly national military budget. 

The true budgetary problem of human missions to Mars, however, has never really 
been its absolute affordability but rather its relative cost; specifically, its impact on NASA’s 
overall budget or the chances of getting that budget increased to ensure that other space 
projects would not be starved of funds to pay for landing a few people on Mars. The costs 
for interplanetary expeditions such as von Braun envisioned are clearly way beyond what 
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the general public and politicians would deem reasonable. Still, much less ambitious 
human Mars missions which do not involve large fleets of ships and concentrate on landing 
only a few astronauts on the surface would be possible at much lower costs. Even with the 
technology available in the late 1960s, von Braun’s 1948 scenario could be workable if 
drastically simplified, as he was one of the first to point out. 

Someone who shared the enthusiasm of von Braun was Willy Ley, with whom von 
Braun had written The Exploration of Mars. In the 1962 revision of his book Satellites, 
Rockets and Outer Space, Ley wrote: “If we land on the Moon sometime between 1968 
and 1970 it is virtually certain that we’ll land on Mars sometime between 1975 and 1980.” 
The Moon landing did take place in 1969, but Ley’s prediction that this would soon lead 
to humans on Mars obviously did not come true. 


STUCK IN EARTH ORBIT 


NASA’s ambition to land a man on Mars by the early 1980s certainly did not get thwarted 
for want of trying. Even when they were busy preparing for the Apollo landings on the 
Moon, NASA’s Marshall Space Flight Center, where von Braun was Director from 1960 
to 1970, was studying nuclear-thermal rocket stages and low-thrust nuclear-electric pro- 
pulsion systems to carry people to Mars. 

In 1963, the American Astronautical Society organized a large symposium on the explo- 
ration of Mars in Denver, attended by some 800 engineers and scientists. In 1966, the 
‘Stepping Stones to Mars’ conference in Baltimore was organized by the American Institute 
of Astronautics and Aeronautics and the American Astronautical Society, featuring 
presentations from NASA and virtually all major aerospace industries. Interest in human 
Mars missions was high, as was the confidence that NASA would target the Red Planet 
soon after Apollo. 

In the late 1960s, a powerful team consisting of Vice President Spiro Agnew, NASA 
Administrator Thomas Paine and Wernher von Braun worked feverishly to make a manned 
mission to Mars the next big goal for the space agency. With the proper plan and budget, 
von Braun explained in 1969, the necessary technologies and capabilities could be devel- 
oped in time to land astronauts on Mars by 1982. 

Two Mars spacecraft would be used, each some 80 meters long, both incorporating a 
Mission Module placed on top of three nuclear rocket stages arranged side by side. The 
spacecraft modules would be individually launched into Earth orbit using improved 
Saturn V rockets, then docked together. Reusable Space Shuttles would then carry aloft 
water, food, propellant and finally the crews. When departing for Mars, which was tar- 
geted for November 12, 1981, each ship would have a mass of almost 730 metric tons, of 
which 75 percent would be hydrogen propellant. The two outer nuclear stages would kick 
each ship into a Trans-Mars trajectory before separating and flying back to Earth 
for reuse, while the two central nuclear stage and Mission Module combinations would 
spend nine months coasting to Mars. The expedition would arrive on August 9, 1982, 
whereupon each ship would fire its nuclear engine to slow down and drop into orbit 
around the Red Planet. 
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NUCLEAR SHUTTLE MISSION 


LUNAR AND 
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Three nuclear rocket stages would be required to shoot a Mission Module to Mars in NASA’s 
human Mars mission plan of 1969. As shown in this artistic view from 1970, such nuclear 
rocket stages were planned to be reusable and have a variety of applications. [NASA] 
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This artist's impression from 1970 depicts a nuclear shuttle stage refueling at an orbital 
propellant depot. [NASA] 
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It was not expected that NASA would know for sure whether Mars harbored any life by 
1981, so each ship would initially send out six unmanned sample return probes. These 
would automatically collect samples from the surface of Mars and fly them back to their 
motherships for analysis in onboard bio-labs. If no hazardous microbes were found, a 
crewed landing could be attempted. Three astronauts would then descend to Mars using 
the Mars Excursion Module (MEM) of one of the ships. The MEM of the other ship would 
act as back-up and, in the event of an emergency, could be flown down by a single astro- 
naut to retrieve the three men from the first lander. 


NASA concept for a Mars Excursion Module (MEM) from 1964. [NASA] 


The three crewmembers would spend up to two months on the Martian surface, 
exploring their landing area and collecting samples, then launch back to their orbiting ship 
using the MEM ascent stage. On October 28, 1982, the ships would re-ignite their nuclear 
engines and leave Mars. To minimize the amount of propellant needed to reduce velocity 
to that of the Sun-orbiting speed of the Earth, the ships would use a sling-shot fly-by of 
Venus. This would also give the expedition the opportunity both to map the surface of 
Venus using radar and to deploy four robotic probes. On August 14, 1983, the ships would 
finally enter Earth orbit and rendezvous with a space station, where doctors would check 
the crew for possible contamination by Martian microbes before allowing them to return 
to Earth aboard a Space Shuttle. 
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Von Braun’s claim that a 1982 landing was possible was backed by various studies, and 
even technology development work, that NASA and industry had carried out during the 
1960s, in parallel with their main focus of putting a man (or rather, men) on the Moon 
before 1970. One important item that was already at an advanced level of ‘technology 
readiness’ was the Nuclear Engine for Rocket Vehicle Application, or NERVA. The 
NERVA rocket incorporated a nuclear fission reactor to heat hydrogen gas to extremely 
high temperatures, which was then expelled through a rocket nozzle at high velocity 
(exceptionally high in fact, due to the very low mass of the hydrogen molecules). No oxygen 
was necessary, as the hydrogen was merely superheated rather than burned. 

The efficiency of the NERVA engine was about twice that of the best chemical rocket 
engines, based on the burning of propellants. The result was that NERVA could thrust a 
spaceship to a given velocity using much less propellant than any conventional rocket 
engine, allowing such a vessel to be lighter and smaller overall. It could also accelerate a 
greater payload to a given velocity for the same propellant mass, or give a smaller payload 
a much higher velocity for the same propellant load. In short, NERVA provided many 
more possibilities for the designers of human interplanetary missions, which are typically 
driven by spacecraft mass and flight duration. Prototypes of NERVA were extensively 
tested on the ground, and by 1968 it was deemed ready to be integrated into an actual 
spacecraft. 
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Diagram showing the inner workings of the NERVA nuclear rocket motor. [NASA] 


With the success of Apollo 11 in 1969, von Braun and NASA were optimistic for the 
future. Following further exploration of the Moon, and even a lunar base to build up expe- 
rience for a manned mission to Mars, they hoped to continue their dream of human expan- 
sion into space, with nuclear rockets, space stations, space shuttles and interplanetary 
spaceships. But in reality, NASA's budget had already been diminishing dramatically 
since its peak in 1966, and throughout the 1970s it would settle at a relatively low amount 
that was far below what would be required for such grandiose plans. Budget cuts soon 
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forced NASA to cancel the last three Apollo Moon landings and shut down the Saturn V 
production line, leaving NERVA without a ride into orbit. Work on NERVA itself was 
halted in 1972, and no NERVA was ever launched into space. 

Under President Richard Nixon’s administration, priorities for the U.S. and NASA 
shifted from exploration to activities in Earth orbit. With its ever-diminishing budget, 
NASA could just about afford the development of the Space Shuttle, but little else. 

While covering up their own failed attempts to put cosmonauts on the Moon, the 
Soviets likewise limited themselves to low Earth orbit with their Salyut space stations. 
The Space Race was over, and nobody was trying to beat anybody else to a landing on 
Mars, so the attention of the public and politicians shifted elsewhere. Some would say that 
astronauts and cosmonauts have remained ‘stuck’ in low Earth orbit ever since. 

In the late 1980s, in the aftermath of the Challenger disaster and with NASA looking 
for the next big human spaceflight program, official interest in human Mars missions 
briefly resurfaced. Sally Ride, the first female U.S. astronaut, was charged with organizing 
a study on NASA’s future and in 1987 came back with a report advocating a lunar base and 
human Mars landings in the 2000s, in preparation for establishing a Mars base after 2010. 
NASA developed a mission scenario in accordance with this, based on a design developed 
by students from both the University of Texas and Texas A&M University. This involved 
a cargo ship with propellant and a lander, which would be sent on an energy-efficient, slow 
trajectory to Mars ahead of the crew. The astronauts would then follow on a faster (and 
thus less energy efficient) trajectory. Although relatively economical, a single mission 
would still require 15 launches of a new, yet-to-be-developed super heavy-lift rocket, as 
well as extensive in-orbit assembly activities near the envisioned future space station that 
NASA was already looking to develop. 

In parallel, the thawing of the Cold War opened up possibilities for a joint Mars mis- 
sion between the U.S. and the Soviet Union. The cost for each nation would be far lower 
than when going it alone, it would help bring the former adversaries closer together 
politically, and there would be the benefit of shared expertise and resources. The Soviets 
at that time had much more experience with long-duration human missions through their 
series of space stations, as well as a super heavy-lift launcher in the form of the Energia 
rocket. In the U.S., the Planetary Society lobbied heavily for this idea, and in 1988 Soviet 
leader Mikhail Gorbachev actually offered President Ronald Reagan “cooperation in the 
organization of a joint flight to Mars. That would be worthy of the Soviet and American 
people.” Enthusiastically, the cover for Time magazine of July 18, 1988, featured a pic- 
ture of the Red Planet with a banner saying “Onward to Mars,” together with the U.S. and 
Soviet flags. 

On July 20, 1989, the 20th anniversary of the Apollo 11 Moon landing, U.S. President 
George W. Bush gave a speech that initiated what would soon become the Space 
Exploration Initiative (SED, tasking NASA with setting up a long-term program involving 
a space station (Space Station Freedom, which later evolved into today’s ISS), a perma- 
nent base on the Moon and ultimately, a human mission to Mars. Sometime later, Bush 
also set a 30-year goal for that target, planning to have astronauts on Mars by 2019, the 
50-year anniversary of Apollo 11. 


Stuck in Earth orbit 185 


This painting, by Les Bossinas, shows what a human mission on the surface of Mars was 
expected to look like in 1989. [NASA] 


It appeared that a unique opportunity had presented itself at just the right time. In the 
1960s, the Cold War had been the main motivator for the Apollo lunar landings, and now 
the end of that ‘war’ was providing a major political reason — the strongest of motivators 
for human spaceflight — to work towards a landing on Mars. The President himself was 
actively tasking NASA to plan for extensive human exploration, first by returning to the 
Moon, then going on to Mars. The U.S. economy was doing well, providing the necessary 
wealth to enable the implementation of a grand space program without severely impacting 
the national budget. 

Unfortunately, the dream ended abruptly. Following the President’s announcement, 
NASA organized the infamous ‘90-Day Study’. Apparently under the impression that they 
had been given a blank check by the President, NASA came back with a very high cost 
estimate of about $450 to 500 billion (close to a thousand billion — a trillion — in today’s 
dollars) over the next 30 years to develop and operate bases on both the Moon and Mars. 
This outrageous financial request gave Congress an unpleasant surprise at the unexpect- 
edly high cost (known in the U.S. as ‘sticker shock’) and attracted much criticism as to the 
sanity of the President’s vision. The Chairman of the Congress Budget Committee, for 
instance, stated: “The President took one giant leap for starry-eyed political rhetoric, and 
not even a small step for fiscal responsibility.” 


186 Mars expeditions 


NASA had simply asked for too much, requesting the government to commit to a 
significantly increased budget for the exceptionally long period of three decades. It did not 
help that the agency’s plan was to have it all, including the Earth-orbiting space station as 
well as bases on both the Moon and Mars, rather than making a choice. Without the space 
station and Moon base, the total budget request could have been halved. 

At the price NASA quoted, not even international cooperation was going to make the 
Space Exploration Initiative affordable. A joint Mars space adventure with the Russians 
soon lost its appeal anyway in the early 1990s, when the Soviet Union collapsed politically 
as well as economically. No sooner had the door of opportunity opened, it was slammed 
shut in the face of both Moon and Mars human mission enthusiasts. 

In the fallout from all this, NASA’s new goal became the International Space Station, 
which would also ensure continuity for the Space Shuttle program and would provide an 
immediate opportunity to involve the Russian military-industrial infrastructure that had 
been left in a precarious state following the demise of the Soviet Union and the economic 
downturn in Russia. Work on space station modules, funded by the U.S., prevented Russian 
spaceflight engineers losing their jobs and possibly seeking employment in weapons 
development for questionable regimes. The SEI ideas for lunar bases, let alone human 
Mars missions, were quickly forgotten. 


MARS DIRECT 


Following the SEI debacle, a radical approach to lowering the cost of a human Mars mis- 
sion and bringing it closer to reality came from two Martin Marietta engineers, Robert 
Zubrin and David Baker. In 1990, they published a paper for a concept they called Mars 
Direct, which was later expanded upon for a general audience in Zubrin’s 1996 book, The 
Case for Mars. Zubrin regarded NASA’s Space Exploration Initiative as overly complex 
and costly, jokingly referring to it as a ‘Battlestar Galactica’ concept. Maximizing the use 
of already existing hardware and technology, Zubrin and Baker instead proposed a bare- 
bones concept without any robotic precursor missions and human experience-building 
lunar expeditions. Like von Braun in the late 1940s, they also opted to use only minimum- 
energy transfer flights, presenting the long stay on Mars inherent to this approach as a 
benefit rather than a drawback, as it would give the crew more time for exploration. Most 
importantly, instead of saving propellant, and thus mass, on the manned spacecraft by 
using exotic high-efficiency propulsion technologies that would require large investments 
of time and money, they incorporated the innovative concept of producing the propellant 
for the return trip mostly from the Martian atmosphere. This concept, known as In-Situ 
Resource Utilization (ISRU), echoed the use of lunar resources proposed by Gerard 
O’Neill for space colonies in the 1970s. 

Their Mars Direct mission started with two launches of an Ares heavy-lift booster. This 
was a Space Shuttle-derived design, taking maximum advantage of existing hardware. It 
would have used Shuttle Advanced Solid Rocket Boosters, comprising Advanced Solid 
Rocket Motors (the development of which was cancelled in 1993), a Shuttle External Tank 
modified for handling vertically-mounted payloads, a new engine boat tail structure, and a 
new Lox/LH2 third stage for trans-Mars injection of the payload. 
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The first booster would deliver an unfueled and unmanned Earth Return Vehicle (ERV) 
to the Martian surface. The ERV would fill itself with methane/oxygen bipropellant manu- 
factured from the CO, in the atmosphere and a limited onboard supply of hydrogen, via 
basic chemical reactions powered by a small nuclear reactor. Once the propellant produc- 
tion was complete, a second launch would deliver four crewmembers to the prepared site 
aboard a Habitation vehicle, or Hab. During its transit to Mars, artificial gravity would be 
achieved by connecting the Hab to the upper stage of the Ares booster via a long cable and 
having the two rotate around each other. The resulting gravity force, 1/3rd of that on Earth 
and similar to the conditions on Mars, was assumed to be sufficient to ensure optimal crew 
functionality right after landing. 

On Mars, the astronauts would conduct extensive regional exploration for 1.5 years. 
After that, they would launch themselves back to Earth aboard the ERV capsule, using two 
rocket stages filled with the propellant manufactured on Mars. No artificial gravity was 
deemed to be necessary for the journey back. Finally, the ERV capsule would directly 
re-enter the Earth’s atmosphere to land on the surface. No on-orbit assembly or orbital 
rendezvous would be required for any phase of a Mars Direct mission. The different mis- 
sion elements were also designed for maximum commonality, such as using the same 
Lander Module system to land both the ERV and the Hab on Mars, for instance. 


Concept for an artificial-gravity Mars transfer ship similar to that envisioned for Mars Direct. 
The manned spacecraft module and counterweight rotate around a central axis while the solar 
arrays stay pointing towards to Sun. The level of artificial gravity provided is a function of the 
tether length and the rotation rate. [NASA] 
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This drawing depicts the Mars Direct Hab and ERV, with an inflatable greenhouse in the 
foreground. [Martin Marietta] 


If human missions to Mars could be accomplished according to the Mars Direct plan, 
based on the relatively short development schedule advertised and accepting the higher 
risks associated with the very limited testing philosophy, cost estimates made by NASA 
and ESA showed that a human Mars program could cost less than the Apollo Moon pro- 
gram. However, the development cost estimates were found to be very sensitive to high- 
level inputs, such as the size and mass of the spacecraft elements required. These were 
precisely the areas that much of the criticism of the Mars Direct strategy focused upon. 
Many experts, especially in NASA, felt that Mars Direct incorporated too little margin for 
error and that the ERV was rather tiny for such a long expedition and the large amount of 
provisions that would be required. 

Zubrin, together with David Weaver of NASA, developed a modified plan which they 
called Mars Semi-Direct, which they presented in 1993 in an attempt to answer such criti- 
cisms. According to the new scenario, the ERV would be parked in Mars orbit fully fueled 


Mars Direct 189 


rather than landing it directly on the planet. A different type of module, called the Mars 
Ascent Vehicle (MAV), would be landed on Mars to produce propellant from the Martian 
atmosphere. Because it would only need to lift a small crew capsule into orbit (which 
would also later be used for re-entry into the Earth’s atmosphere), rather than the whole 
ERV, the MAV would only need to produce about a third of the propellant that was required 
in the Mars Direct scenario. This would not only significantly reduce the electrical power 
requirements, it would also mean that the ERV in Mars Semi-Direct could be a lot larger 
than in the Mars Direct scenario, providing the crew with more room for accommodation 
and supplies. 

With the new scenario further splitting the total mass to be launched to Mars by using 
three modules (Hab, ERV and MAV) rather than the two of Mars Direct (Hab and ERV), 
there would now also be the option to use a dedicated launcher for each module. This 
back-up scenario could be used in the event that individual elements increased in size or 
mass during their development, or in case the Ares launcher turned out to perform less 
capably than expected. It would even be possible to launch a fully fueled MAV to Mars 
with a dedicated launch, skipping the whole propellant manufacturing phase if the tech- 
nology could not be made to work. 

Mars Semi-Direct thus offered more flexibility and margin overall with respect to Mars 
Direct, but with the trade-off of having to develop an additional type of module and poten- 
tially requiring more launches. Nevertheless, cost estimates indicated that with a 10-year 
development schedule, Mars Semi-Direct would be affordable without major increases in 
the NASA budget. 

The Mars Semi-Direct plan formed the basis for the Design Reference Mission (DRM) 
that NASA subsequently adopted as baseline for a future human Mars mission. In 1997, a 
revised DRM was presented that sought to lower the total mass that needed to be launched 
from Earth by introducing high-efficiency nuclear engines based on NERVA technology 
(existing since the late 1960s), as well as a low-mass Hab in which the pressure hull, the 
launch shroud protecting it during launch from Earth, and the aerobrake heat shield for 
Mars were all combined into a single structure. With these amendments, the designers 
managed to eliminate the need for a Saturn V class launcher and its associated develop- 
ment costs. Everything needed for a single mission could now be launched with eight 
smaller (but still substantial) Shuttle-derived rockets that were expected to cost less to 
develop than the Ares. 

With NASA now developing the Space Launch System super heavy-lift rocket, how- 
ever, Mars Semi-Direct has arguably become obsolete. Still, the DRM has been kept up to 
date and has continuously evolved, providing a design reference concept for NASA’s 
future Mars missions. It has provided a source of inspiration for science fiction writers and 
movie makers as well: the hardware described in the best-selling book The Martian, and 
the 2014 Hollywood blockbuster movie derived from it, strongly resembles the designs in 
NASA’s DRM. 


This artistic impression from 1995 shows two connected Habs on Mars, as envisioned in 
NASA’s first Design Reference Mission that was based on Mars Direct. [NASA] 


Concepts for a Crewed and Cargo version of a Nuclear Thermal Rocket (NTR) designed for flights 
to Mars, as presented by NASA in 2009. The Cargo version would carry the Mars Entry, Descent 
and Landing modules, including either a Mars Ascent Vehicle with propellant production capabil- 
ity or a Hab Lander to land the astronauts on Mars after stepping over from their Mars Transfer 
Vehicle. The Crewed NTR would later be used for the return flight back to Earth. [NASA] 
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ON MARS IN 2030+ 


At the time of writing, the Wikipedia page ‘List of manned Mars mission plans in the 20th 
century’ covers 60 major human Mars mission plans, studies and proposals, starting with 
von Braun’s Mars Project of 1952. That’s more than one per year on average, and does not 
even include the tens or maybe even hundreds of lesser known studies of more limited 
scope performed by student working groups and others. The plethora of studies has con- 
tinued in this century. 

In January 2004, President George W. Bush Jr. took his turn at trying to provide a long- 
term national human spaceflight goal for America, when he proposed a crewed return 
to the Moon by 2020 to be followed by human Mars missions. This led to NASA’s 
Constellation Program, which aimed to get astronauts on the Moon no later than 2020. The 
implementation of the program focused on completion of the ISS and development of the 
new Orion interplanetary spacecraft and its Ares I launcher, as well as a new lunar lander 
called Altair and the new super heavy-lift rocket, Ares V. Following the lunar missions, the 
Constellation hardware, primarily the Orion spacecraft and Ares V launcher, would then 
also be used for Mars landing missions targeted to take place in the 2030s. 

Constellation, however, would have required a substantial increase in NASA’s budget, 
which the nation was unwilling to commit to. This in turn led to the program’s cancellation 
soon after the next president, Barack Obama, took office. A return to the Moon was out, but 
the long-term goal of human missions to Mars remained. The Altair lander thus became 
obsolete, but Orion and the super heavy-lift launcher, now called the Space Launch System 
or SLS, survived (although Orion would now be launched with the SLS, meaning the Ares I 
was also cancelled). 


Conceptual drawing of an Orion Crew Exploration Vehicle docked to an Earth Departure Stage, 
as envisioned for NASA's Constellation lunar missions. [NAS A/John Frassanito and Associates] 
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Apart from operating the ISS, NASA human spaceflight policy currently focuses on the 
development of these mission elements on a “pay as you go” basis. The Orion and Ares V 
combination will first be used to fly to the ISS, and maybe into lunar orbit, then possibly 
to an asteroid brought to the vicinity of the Earth by a robotic mission in the early 2020s. 
Missions to a new deep-space habitation facility meant for long-duration systems testing 
are expected to follow, in preparation for the development of transit and surface habitats 
capable of supporting human life for years with only routine maintenance. The first Mars 
mission(s) in the mid-2030s would likely only orbit the planet, and maybe visit its tiny 
moons Phobos and Deimos. Eventually these would be followed by Mars landings, but 
probably not before 2039. 

On paper, it appears that NASA is working towards human Mars landings in the 2030s, 
but take note of the extensive use of qualifiers like ‘possibly’, ‘maybe’ and ‘would’ in the 
previous description. In an essay posted by CNN in October 2016, President Obama 
stated: “We have set a clear goal vital to the next chapter of America’s story in space: 
sending humans to Mars by the 2030s and returning them safely to Earth, with the ulti- 
mate ambition to one day remain there for an extended time.” However, “sending humans 
to Mars by the 2030s” does not necessarily mean landing humans on the Red Planet, and 
the phrase “one day” does not exactly equate to a firm commitment. 

There remains no firm roadmap of the required steps to lead to a landing at a specific 
date, apart from Orion and Ares V. There is little sign of development on any of the other 
vital mission elements, such as a transfer spacecraft with a semi-closed-loop life support 
system, a large Mars entry and landing system (an order of magnitude larger than what we 
have mastered up till now), or a Mars ascent stage and a radiation-blocking surface habita- 
tion module. Even work on the deep space habitat, a facility that will not head to Mars 
itself but is envisioned to be used to learn how to live deeper in space for extended dura- 
tions, is only in a very early phase. 

In the meantime, Lockheed Martin has developed a concept for an interplanetary 
ship annex Mars-orbiting science laboratory, which they have called the Mars Base 
Camp. It could be used to conduct tele-robotic science, with rovers on Mars and its 
moons, Deimos and Phobos, being remotely operated by the Base Camp crew in real- 
time. This is not possible from Earth due to the time it takes radio signals to travel 
between the planets. The Mars Base Camp would also serve as a proving ground for 
future missions during which astronauts would actually land on the Martian surface. 
With sufficient funding and acceleration of the technology developments currently 
ongoing, Lockheed Martin have stated that their system could be ready to send astro- 
nauts to Mars by 2028. 

The limited amount of hardware actually being developed leaves the NASA human 
Mars missions plan rather sketchy and lacking commitment. That commitment appears for 
now to be too big and bold to be readily accepted by the U.S. government. As Louis 
Friedman points out in his book on human spaceflight, “The political conundrum is that 
Mars is too big a political step but that giving up on it is politically unacceptable.” Mars 
has been presented as the ultimate human spaceflight target for too long to completely give 
up on it. That would mean admitting that your nation’s best days are behind you. But get- 
ting there is too complex and expensive an issue to commit to it fully in the same way that 
President John F. Kennedy did with Apollo. 
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Observations such as these can easily lead to a very bleak outlook for human space 
exploration, such as the editorial prediction published by The Economist magazine in 2011 
under the title The End of the Space Age: “The future, then, looks bounded by that new 
outer limit of planet Earth, the geostationary orbit. Within it, the buzz of activity will con- 
tinue to grow and fill the vacuum. This part of space will be tamed by humanity, as the 
species has tamed so many wildernesses in the past. Outside it, though, the vacuum will 
remain empty. There may be occasional forays, just as men sometimes leave their huddled 
research bases in Antarctica to scuttle briefly across the ice cap before returning, for 
warmth, food and company, to base. But humanity's dreams of a future beyond that final 
frontier have, largely, faded.” 

Inevitably, the old robots-versus-crew issue comes up in discussions over affordability 
and value for money. Astronauts may be able to do far more than robots on the surface of 
Mars, and could react more quickly to scientific opportunities and gather more samples in 
a day than a rover could in a year. But a comparison of the costs makes the necessity for 
putting people on Mars themselves, rather than keeping them on Earth to control a robotic 
avatar, much harder to justify. Take for instance NASA’s latest Mars Rover, Curiosity. The 
budget for its mission is some $2.5 billion, making it one of the more expensive robotic 
interplanetary missions in recent history (even though it represents only $1 per American 
citizen over its eight years of development and operation). We could probably fly a large 
number of exact copies of Curiosity at $1.5 billion per mission, so for the cost of landing 
one human on Mars, estimated optimistically at $100 billion, we could send 66 Curiosity 
rovers and operate each one for at least a year. That would mean an awful lot of science; 
considerably more than a human crew could hope to achieve in a single landing at a single 
location. 

Then again, NASA will never get a hundred billion dollars for a planetary science 
scheme purely based on robots, but it might get it for a human Mars mission. That is 
because science is not the only motivator for sending humans to the Red Planet, and for 
many it is not even the most important one. 

Proponents of human Mars missions typically point to the inherent need for people to 
explore in person, and to our need for new frontiers to avoid technical and social stagna- 
tion. Homer Hickam, author of the famous book Rocket Boys which was made into a 
major Hollywood movie called October Sky, passionately expressed this belief at a 
NASA symposium in 2001: “I am a boy of West Virginia, after all. I want to see a 
Coalwood on the Moon or Mars. I want to read a memoir written by a boy whose father 
spends too much time mining helium-3 on the Moon or in the deep water mines of Mars. 
I want the solar system to become another place, a place of industry as Coalwood once 
was, a place where men and women can raise their families, and where a rough frontier — 
the roughest ever encountered by mankind - can be shoved back. And I want this country 
to lead the way." 

In addition, the world's space agencies typically have inspiring their countries' citizens 
as one of their goals, particularly in motivating the young to educate themselves and to 
study science and engineering for the benefit of all society. Robots tend to capture the 
imagination of the public less than astronauts, although arguably this is already changing 
with spacecraft *sending' Tweets and being imbued with a personality by their operators. 
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The Mars rovers Opportunity and Curiosity are great examples of this, as are China’s 
Jade Rabbit lunar rover and ESA’s Rosetta comet chaser with its adorable little Philae 
lander. 

A main raison d'étre for human spaceflight that seems to be coming to the fore lately is 
that humanity needs to spread itself beyond a single planet to avoid leaving “all its eggs in 
a single basket.” During the 1970s and 1980s, the threat of global devastation due to 
nuclear war was cited as a good reason to spread humanity into space. Today, that particu- 
lar risk seems lower than during the Cold War era, but the fact remains that while we are 
bound to a single planet, humanity remains vulnerable to self-induced extermination, be it 
through nuclear, chemical or biological warfare. The demise of the dinosaurs due to the 
impact of a giant ‘killer asteroid’ is also often used to emphasize the need for human 
expansion into space. Science fiction author Larry Niven is credited with the remark: “The 
dinosaurs became extinct because they didn't have a space program. And if we become 
extinct because we don't have a space program, it'll serve us right!” 

The focus on Mars as the next human spaceflight destination makes sense, as apart 
from the Moon, it is the only sizeable planet on which humans could land and live for 
extended durations in the foreseeable future. Mercury and Venus are too hot; the asteroids 
are too small (very low gravity); and the moons of the other, gas giant, planets are too far 
away. 

The Moon is closer of course, far less demanding in terms of technology, and we have 
already demonstrated that we can land astronauts on it. But it is also lacking in the key 
life-supporting resources that are abundantly available on Mars, namely water (in the form 
of ice as well as atmospheric vapor) and atmospheric nitrogen and carbon-dioxide from 
which oxygen can be made. The Moon has no atmosphere at all and the lunar gravity of 
0.16 g is substantially lower than the 0.38 g on Mars. The Moon also has a 29.5-hour day, 
while that of Mars is similar to here on Earth, at 24 hours and 34 minutes, making Mars 
conditions easier to adapt to for both humans and plants. This all means that ‘living off the 
land’, at a relatively high level of independence from supplies sent from Earth, appears to 
be more feasible on Mars than on the Moon. The Moon is also generally regarded as 
scientifically far less interesting than Mars with its potential for past and present life. 

The Moon should not be ignored, however, but while it is true that ideas such as putting 
radio telescopes on the far side of the Moon to listen to the universe without interference 
from the Earth have been around for a long time, for example, such projects do not neces- 
sarily require astronauts to accompany the hardware to the Moon. 

Therefore, the Moon typically has only a supporting role in grand human spaceflight 
plans, as a source for material in the case of space colonization and Space Solar Power 
plans, and in today’s visions as a place to develop technology and to build up experience 
for going further, to Mars. Plans for astronauts on the Moon thus typically concern lunar 
bases rather than short Apollo-type missions of exploration, and are not promoted directly 
for their own merits but instead because human Mars missions are regarded as being too 
difficult and expensive. Conversely, this in turn provokes Mars advocates like Zubrin into 
arguing that a lunar base is an unnecessary digression on the way to the Red Planet, and 
only adds complexity and costs. Human landings on Mars missions remain the true goal 
of most human spaceflight visions and advocates. 
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ESA concept for a lunar habitat with a radiation and micrometeorite protection shell ‘printed’ 
from lunar soil. [ESA] 


Frustrated by the lack of progress of the government space agencies in getting people 
to Mars, several private ‘NewSpace’ initiatives have recently sought to come up with a 
different approach. The Inspiration Mars Foundation, a nonprofit organization founded 
in 2013 by Dennis Tito, the first ISS Spaceflight Participant (or less courteously, ‘space 
tourist’), proposed to send two people on a flyby of Mars in 2018, an especially favor- 
able launch window. Tito expected the trip to cost less than $1 billion, and would have 
provided the initial seeding money for setting up the Foundation and for organizing a 
design competition himself. In his testimony before Congress in November 2013, Tito 
stated that he expected to raise $300 million from industry and individuals, but that the 
government would need to invest the remaining $700 million. NASA was unable to 
commit to this, ending the dream of putting people in orbit around Mars before 2018, or 
2021 in case of Tito’s ‘Plan B’. Apart from the lack of funding and the rather optimistic 
cost estimate, a major issue with Tito’s plan was the very short time-frame available to 
develop the mission. Even without a landing, keeping two people safe and sound in 
deep space for the necessary 501 days (589 days for the 2021 mission) would be very 
challenging. 
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Even more radical is the plan of the Netherlands-based Mars One organization to 
colonize the planet by sending people on one-way trips to Mars in the 2020s, while having 
the whole enterprise financed through the sale of media rights. This premise is built on the 
assumption that without government interference and the difficult return leg of a Mars 
mission, the necessary budget for sending the first four colonists would drop to only some 
$6 billion. This amount is comparable to the combined revenues for recent Summer and 
Winter Olympics and is therefore a sum that might be raised from sponsorship, advertise- 
ments and by broadcasting the adventures of the crews during their selection, training and 
actual missions. In subsequent launch windows, roughly every two years, Mars One would 
send four more people, as well as provisions and habitation modules, thereby slowly build- 
ing up a Mars colony. 


Illustration showing what a Mars One colony built up from individually landed crew modules 
could look like. [Mars One] 


Although the organization received thousands of applications from people willing to be 
sent to Mars, the one-way trip nature of the project in particular has raised an enormous 
amount of criticism, even from space settlement advocates who otherwise detest the risk- 
averse nature of government space agencies. Mars One counters such objections by stating 
that ^Mars One will send colonists to Mars not to die, but to live." Nevertheless, the contro- 
versial nature of the plan, as well as doubts about the required technology being available 
and the budget estimate (low by human Mars mission standards but a substantial amount of 
money to be raised from private investors alone) seems to have delayed Mars One’s plans 
considerably. Without a major injection of funds from some very rich investors, it is doubt- 
ful that the organization will be able to start settling the Red Planet anytime soon. 


200 Mars expeditions 


The latest private venture plan for Mars settlement comes from SpaceX, the company 
that is currently shaking up the launcher industry with unprecedented low launch prices 
and the development of reusable launcher stages to reduce them even more. The company 
is also providing a freight service to the ISS with its Dragon spacecraft, and is developing 
a crew transportation version to fly astronauts to and from the station. SpaceX is thus a 
very serious company with a healthy amount of expertise and money. They do not seek 
government contracts to develop space hardware, but instead sell launch and space trans- 
portation services through which they then fund the development of the necessary equip- 
ment. A new version of its Dragon ISS cargo ship, called Red Dragon, is being developed 
to be able to land on Mars in the near future; at first planned for 2018, although in early 
2016 SpaceX announced that it was now “looking more in the 2020 time frame.” It could 
then be used to build up supplies on Mars in preparation for human missions, and could 
evolve into a vehicle capable of landing astronauts as well. 


Artist’s impression of a Red Dragon capsule landing on Mars. [SpaceX] 


The ultimate goal of SpaceX founder and driving visionary, Elon Musk (who also 
founded the electric car brand Tesla), is to truly settle the Red Planet and make humanity 
a multi-planet species, primarily to ensure the survival of the human race in case of some 
catastrophe on Earth. In September 2016, he outlined his highly ambitious vision to the 
audience of the International Astronautical Congress (IAC) in Mexico, with his company 
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also streaming the presentation live over the Internet. An accompanying animation showed 
how massive reusable rockets (as described earlier in Chapter 2) and capsules would be 
able to carry 100 passengers plus cargo to Mars at a time, with one expedition taking off 
every 25-month launch window. According to Musk’s aggressive, but admittedly very 
tentative, schedule, the first flight for Mars could take place as early as 2022. 


Elon Musk presenting his Mars colonization plans at the International Astronautical Congress 
in 2016. [SpaceX] 


Seeing Mars as a new frontier that offers settlers new opportunities, like the American 
frontier did in the past, Musk acknowledged that the key to the success of his colonization 
plan would be to reduce transportation costs sufficiently: “You can't create a self- 
sustaining civilization if the ticket price is $10 billion per person. Our goal is to get it 
roughly equivalent to [the] cost of a median house in the United States, about $200,000.” 
Musk’s plan seeks to make this possible by incorporating transportation reusability, in- 
orbit refueling and propellant production on Mars (an idea borrowed from the Mars 
Direct plan). 

Although he acknowledged that the risk of fatalities among the colonists would be 
rather high, in contrast to the Mars One plan Musk intends to offer Mars settlers the pos- 
sibility to return to Earth eventually: “The number of people willing to move to Mars is 
much greater if they have the option of returning, even if they never do.” Ultimately, Mars 
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The mission architecture, as presented by Elon Musk at the IAC of 2016. [SpaceX] 


should have a fully self-sustaining civilization, which Musk deems will require about a 
million people. Eventually, using larger ships, he expressed the belief that this could be 
achieved some 40 to 100 years after the first ship with colonists leaves pad 39A at Kennedy 
Space Center (the pad from which all the Apollo lunar landing missions took off and 
which is currently being leased by SpaceX). 

SpaceX is already developing some hardware for the needed giant launcher and the 
combined transfer/landing/return spacecraft, having ground-tested a rocket booster Raptor 
engine and a full-scale carbon fiber tank for the Mars transfer and landing ship. Musk did 
not reveal any detailed financial plan, however, apart from the important remark that seri- 
ous government investment would be needed to really make it all happen: “Ultimately, this 
is going to be a huge public-private partnership.” For now, SpaceX intends to keep matur- 
ing its Mars transportation system “making as much progress as we can, with the resources 
that we have available,” to be ready for when support has grown to the point that the U.S. 
commits to Mars colonization. Musk also only presented a transportation plan, and did not 
address how the colonists would survive on Mars, the required life support systems, energy 
supplies, food production and so on, apparently leaving all that to be tackled by other 
companies and organizations. Landing a few astronauts on Mars and keeping them alive 
for a couple of years will be difficult enough. Maintaining a colony of hundreds of people 
indefinitely raises that difficulty to a whole new level, both technically and financially. 
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Even if does become technically and financially viable, Mars colonists will still face a 
severe physical challenge, as nobody yet knows what the low gravity on Mars, at 38 per- 
cent of that on Earth, will do to the human body in the long term, let alone to people born 
on Mars. The fine dust on Mars may also represent a health risk, possibly leading to respi- 
ratory problems. A private enterprise may accept higher risks for astronauts than NASA, 
but if the financing involves a partnership or contract with the government, it is very likely 
that safety will become paramount and the costs will go up. 

Then there will be the important physiological issues associated with making a new life 
on a planet that is hostile and far away from friends and family. Communications between 
Earth and Mars suffer from signal delays due to the great distance between the two planets. 
At best, it takes eight minutes to receive an answer, and at worst it can take 48 minutes, 
making real-time conversations impossible. The physical and psychological challenges 
also lead to important ethical questions: How long should we allow people to stay on 
Mars? What if they want to return earlier? Should people be allowed to have children on 
Mars? If you forbid it, how do you prevent someone getting pregnant anyway? What mor- 
tality rate is morally acceptable? 

As with the plans of Mars One, permanent colonization will mean committing to a very 
long term program, requiring constant support of the colony by sending supplies, new 
hardware and new people. However, Musk claimed in his presentation that with a high 
number of flights and reuse of the Mars ship (12 times), tanker ship (100 times) and rocket 
booster (1000 times), the cost of transportation could be reduced to $62 million per flight, 
which is about what it currently costs to send a Soyuz capsule with three astronauts/ 
cosmonauts to the ISS. 

Exciting as Musk's presentation may be, even while striving to get costs down he fore- 
sees no business without the involvement of the government, and therefore offers no 
magic solution to the financial/political conundrum. When all is said and done, it seems 
that human Mars missions will still require a large scale government space agency's pro- 
gram and budget. The only hope is that efforts such as those of SpaceX will help to make 
it sufficiently affordable for a government to commit to. 

With the ISS project winding down in the 2020s, and the U.S., Russian, European, 
Canadian and Japanese (and maybe also Chinese) human spaceflight initiatives needing 
a next big goal (preferably an international one for political reasons), as well as the 
development of some of the needed technology, the reduction in space transportation 
costs, and our ever-increasing knowledge of the conditions on Mars and the resources 
available there, the chances for landing people on Mars in the foreseeable future may be 
better than ever. Perhaps the idea of sending humans to Mars lacks a single, sufficiently 
compelling reason to do so, but the various scientific, economic (jobs, new technology), 
political (international cooperation as well as technological competition) and cultural 
(the ‘next frontier’) reasons combined may finally be sufficiently convincing to take the 
great step. 
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To the stars 


Interstellar missions are generally regarded as something for the relatively far future, and 
not even the most ardent and optimistic of space advocates envisage seeing them before 
the end of the 21st century. Not only does there still remain so much to discover, see and 
understand within our own solar system, but even the most basic technology to send 
probes, let alone humans, to the stars is at an extremely nascent stage. Starship technology 
is to us what jet aircraft technology would be to the first steam engine pioneers. Wormholes, 
science fiction’s most popular means for interstellar travel, are only a remote, very theo- 
retical possibility. 

The star closest to us, Proxima Centauri (also called Alpha Centauri C, part of the 
Alpha Centauri star system), is 4 light years and 4 light months away, meaning that even 
traveling at the speed of light, a spacecraft would take 4 years and 4 months to get there 
(for those left on Earth at least; because of relativistic effects, time would stand still for 
anybody on board). The fastest probe we have ever launched, Voyager 1, is currently leav- 
ing the solar system at 17.5 kilometers per second. In the 40 years since it left Earth in 
1977, it has travelled almost 19 light-hours out from the Sun. Its radio signals currently 
take 19 hours to get to the center of the solar system, and at best 8 minutes less to get to us 
when the Earth is on the same side of the Sun as Voyager 1. As extraordinarily fast and far 
as this may sound, even if Voyager 1 was heading straight for Proxima Centauri (which it 
isn't) it would take about 750 centuries to get there. 

The scale of our galactic neighborhood is difficult to comprehend. If we could shrink 
down the solar system so that the Sun is the size of a grapefruit, then Earth would be 
merely a grain of sand orbiting 10.5 meters away from it. Mars would orbit at a distance 
of 16 meters, and Pluto at an average of 414 meters. Imagine our space probes — now 
atom-sized — flying around in this miniature model. But if we placed our grapefruit-sized 
Sun in New York, Proxima Centauri would still be about 2,900 kilometers away, some- 
where near Denver (alternatively, about the distance between Dublin and Moscow). 

Such calculations make it clear that interstellar flight would be a truly awesome under- 
taking in terms of complexity, cost and duration, several orders of magnitude more so than 
the most ambitious interplanetary exploration projects described in this book up till now. 
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INTERSTELLAR PROBE 


The first baby step we could take towards interstellar exploration would be to send a probe 
to that remote zone where the Sun starts to battle for influence with its neighboring stars. 
This area is called the Heliopause, a blurry boundary where the solar wind meets the inter- 
stellar wind originating from other stars and crashes into the interstellar medium that is 
made up of the hydrogen and helium gas permeating the Milky Way galaxy. There is, in 
fact, much scientific interest in the complex interactions that are happening in this zone. 

NASA’s Voyager | probe has already reached the border of this shock region, some 20 
billion kilometers away from Earth. The first thing it encountered was the “Termination 
Shock’, where the solar wind slows from supersonic to subsonic speed and where the 
plasma flow direction and magnetic field orientation exhibit large changes. Voyager 1 
crossed this termination shock in December 2004. 

In August 2012, it crossed the heliopause, where the influence of the Sun’s magnetic field 
and solar wind rapidly wanes until the solar wind is no longer strong enough to push back the 
stellar winds of the surrounding stars. As such, Voyager | is now considered to be in interstellar 
space. It nevertheless remains inside the solar system, as the Sun’s gravity still rules the orbital 
motions of the probe and the comets that populate the Oort Cloud, a shell of icy planetesimals 
that surrounds the Sun and probably extends a great distance towards Proxima Centauri. 

Voyager | will emerge from the Oort Cloud somewhere between 14,000 and 28,000 
years time, and only then will it be considered to have left our solar system behind. This, 
of course, is a bit too long to wait for, and moreover, Voyager 1’s mission is finally expected 
to end around 2025, when the amount of electric power provided by its Radioisotope 
Thermoelectric Generator (RTG) will drop below the minimum required to operate any of 
its scientific instruments. 


Artistic impression of Voyager 1 in interstellar space. [NASA / JPL-Caltech] 
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Even though Voyager 1 is sending back some valuable data about interstellar space, the 
probe was never designed for this. Its instruments were developed to investigate the plan- 
ets it flew by long ago, not for operating on only a trickle of power much further out in the 
solar system than it was ever expected to venture. The termination shock, heliopause and 
the vast area beyond await a dedicated mission to unveil their secrets properly, as the U.S. 
National Research Council stated in 2004: “The real journey will occur when we embark 
on an interstellar probe, with sufficient instrumentation and the capability to rapidly access 
the distant heliosphere. This journey will be one of the great explorations of humankind, 
when we leave the safety of our solar system and venture forth into interstellar space.” 

Both NASA and ESA have performed studies on such a dedicated interstellar probe, 
with ESA's Interstellar Heliopause Probe technology reference study of 2005 being the 
most recent of these. That study investigated what technology would be required to send 
21 kg worth of specifically-developed scientific instruments to a distance of 200 Astro- 
nomical Units (AU, the distance of the Earth to the Sun) within a flight time of 25 years. 
That is very fast. It took Voyager 1 nearly 40 years to cover 137 AU. 

The concept arrived at was a 470-kg probe, equipped with an extremely light yet very 
large 246 by 246-meter solar sail to provide continuous acceleration after a conventional 
launch. The study assumed the use of the thinnest sail film commercially available at the 
time, and arrived at a total solar sail mass of only 206 kg, including structural booms. 
A 1999 NASA study on a similar concept, called the Interstellar Probe, indicated the need 
for an even lighter solar sail, of 1 gram/m? instead of the 3.4 gram/m? for ESA’s Interstellar 
Heliopause Probe, to reach 200 AU in only 10 years. 

For power, solar arrays are useless at the distances involved, so both the ESA and 
NASA concepts would have needed to be equipped with RTGs similar to the one powering 
Voyager 1. 

Cost estimates performed by industry as part of the ESA study, as well as by the agency 
itself, indicated that such a mission would be affordable for ESA in principle, with a bud- 
get equivalent to that of its current large science missions. However, this would only be 
true under the condition that the required technology could be developed beforehand. The 
development of the solar sail technology itself would be rather costly, for example. Just 
because the film material exists does not mean that it would be straightforward to build a 
large deployable solar sail out of it. Deployment and steering systems would also need to 
be developed, probably requiring a scaled-down test spacecraft just to ensure that the sail 
deployment system worked. In addition, ESA, and Europe in general, still lacks the infra- 
structure and technology required to build RTGs, although these might be obtained from 
NASA as part of a collaborative project. 

Another concept was investigated during NASA's Innovative Interstellar Explorer 
study of 2003, based on the requirement to send a 35-kg science payload to at least 200 
AU while keeping the need for new hardware and technology to a minimum. According to 
the study, using a combination of a heavy-lift rocket launch, a gravitational sling-shot at 
Jupiter, and a kilowatt-class electric propulsion ion thruster powered by advanced RTGs 
(nuclear-electric propulsion), a space probe could eventually achieve a top speed of 9.5 
AU per year at a distance of 103 AU by late 2029. With a launch targeted to take place in 
2014, a date the study deemed realistic in terms of the technology developments required, 
it would be able to reach 200 AU in the year 2044. That may seem like a long wait, but the 
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real mission would have started long before that. Within 15 years, the probe would have 
reached the considerable distance of 100 AU, arriving at the scientifically very interesting 
area of the termination shock and heliopause. The study figured that a budget of less than 
$2 billion in 2005, or $2.5 billion today, would be sufficient for the whole endeavor. 


Artistic impression of the Innovative Interstellar Explorer spacecraft during its Jupiter fly-by. 
[NASA / NASA/Johns Hopkins University Applied Physics Laboratory] 


For such probes, the need for new technology such as advanced electric propulsion, 
solar sails and highly efficient RTGs is only part of the challenge. The current qualification 
standards for spacecraft parts do not cover multi-decade mission requirements, although 
the Voyagers have shown that keeping a spacecraft alive for several decades is possible. 
Another question that would need to be addressed is how to receive the relatively large 
volumes of data that would be generated by the instrument suite and send this back to 
Earth. From 200 AU, the signal will be extremely weak, and the solution probably lies in 
coupling multiple radio antenna dishes to form, effectively, a very large ear. 

Although challenging, these relatively recent ESA and NASA concepts are not so com- 
plicated as to consign them to the realm of science fiction, and could be reasonably afford- 
able, with an overall mission budget no higher than that of a large science mission to 
Jupiter or Saturn. This is a big improvement over previous ideas, such as the TAU 
(Thousand Astronomical Units) mission that NASA JPL studied in 1987. TAU required a 
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1 megawatt fission reactor to power an electric propulsion system for 10 years, in order to 
achieve a velocity of 106 km/s (about 20 AU/year) and reach a distance of 1000 AU in 50 
years. One megawatt is an energy output five times higher than that envisioned for the 
previously mentioned (and very ambitious in its own right) Prometheus Jupiter probe that 
NASA seriously considered in the early 2000s. 

Scientific probes targeting the heliopause and beyond do not appear very high on the 
wish list of the world’s space agencies, however. It is questionable whether the scientific 
return, in terms of information about the termination shock, heliopause and interstellar 
space, would be worth the considerable cost of such a mission. There is still plenty left to 
explore closer to home in the solar system and therefore such missions would face stiff 
competition from many interplanetary mission concepts, which would be able to provide 
significant scientific return in much less time. A multi-decade mission that only begins to 
pay off scientifically 20 years after launch, and probably 30 years after its initial develop- 
ment, is a difficult sell. 


RIDING THE NUCLEAR BLAST WAVE 


With the ‘Space Age’ barely having begun, nuclear scientists in the U.S. at the end of the 
1950s were already seriously planning to develop a giant, crewed spaceship propelled by 
nuclear fission bombs. This spacecraft, called Orion, would have ejected hundreds of 
small nuclear bombs from its aft section, at a rate of about one per second, which would 
then have exploded some distance away. The shockwaves of debris would have hit a 
‘pusher plate’ connected to the rest of the ship, using gigantic shock absorbers to smooth 
out the violent kicks of thrust. Explosion by explosion, Orion would thus take off from the 
surface of the Earth and then accelerate towards the Moon, Mars and even out to the 
moons of Jupiter and Saturn. 
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The basic elements and configuration of an Orion spacecraft. [NASA] 
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Whereas conventional chemical propulsion is relatively inefficient in terms of propellant 
use (leading to large and heavy launchers and spacecraft), and (nuclear-) electric propul- 
sion is highly efficient but only able to provide low levels of thrust, the Orion system 
would have provided propulsion with both high thrust and high efficiency. Rather than 
following efficient but slow minimum-energy transfer orbits to reach other planets, Orion 
would have been able to power itself more directly to distant destinations. It would have 
been capable of getting people to Mars and back in months rather than years. 

The Orion concept was obviously developed at a time of great optimism, for both prog- 
ress in spaceflight and the possibilities provided by nuclear energy. This was the era when 
the first nuclear power plants were put into operation, nuclear submarines started to roam 
the seas, serious development of nuclear-powered aircraft was underway and atmospheric 
nuclear tests were still permitted. Stanislaus Ulam, a famous mathematician who had 
helped to develop the first atomic bomb in the Manhattan Project and was one of the origi- 
nators of Orion’s revolutionary propulsion concept, told the House Select Committee on 
Astronautics and Space Exploration in 1958: “it is not a question of conjecture or opti- 
mism, but one might say it is mathematically certain that it will be the nuclearly [sic] 
powered vehicle which will hold the stage in the near future.” 

Such high expectations for nuclear-powered launchers and spacecraft were not confined to 
the U.S. alone. As described before, the Soviets were also working on various nuclear rocket 
stage concepts at that time. Even a group as unlikely to plan for nuclear launchers as the Dutch 
spaceflight society, NVR, published a relatively long description of an ‘NVR Study Group’ 
design for a manned, reusable, nuclear-powered launch vehicle in its magazine Ruimtevaart 
in April 1960. Their design was propelled by three nuclear fusion plasma jet engines, plus 
four nuclear evaporated-propellant start engines. The writers expected such vehicles to replace 
conventional launchers in “a few tens of years.” In reality, we are unable to derive net energy 
from controlled nuclear fusion today, even in large ground-based reactors. 

In line with such enthusiasm for nuclear propulsion, as well as the expectation that 
human space exploration would follow the wildly optimistic rates of progress advertised 
by von Braun, Krafft Ehricke and others, the Orion designers fully expected their space- 
craft to be operational by the late 1960s or early 1970s. However, while the project was 
deemed technically viable and had garnered some interest from both the U.S. Air Force 
and NASA, it soon lost support as people became much more sensitive to the risks of 
nuclear contamination and the Air Force and NASA came to realize the leap in technology 
that would still be required. After seven strenuous years, the formerly classified Project 
Orion was cancelled in January 1965, “unnoticed and unmourned by the general public,” 
as project leader Freeman Dyson wrote in the magazine Science in July that year. 

It would have taken around 800 atomic bombs to boost even the most modest opera- 
tional version of Orion into a low Earth orbit. Although the yield of each of these bombs 
was relatively low, at 0.15 kilotons about a hundred times less than that of the bomb 
dropped on Hiroshima at the end of World War II, the amount of radioactive fall-out pro- 
duced would still have been unacceptable, to say nothing of the devastation that would 
have been caused by a launch failure. 

The designers therefore came up with an alternative plan, involving a smaller version 
of their original concept carried into Earth orbit by one or more Saturn V rockets. But in 
1963, the ‘Treaty Banning Nuclear Weapon Tests in the Atmosphere, in Outer Space and 
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Under Water', which was ratified by 126 states including the U.S. and the Soviet Union, 
effectively put an end to the whole idea. Additionally, while the radioactive debris from 
the explosions in orbit would not have been directly harmful to people on Earth, the effect 
of the powerful electromagnetic pulses created by hundreds of nuclear explosions would 
be devastating to any nearby satellites. When the Orion project was initiated in 1958, there 
were hardly any satellites in orbit, but today there are thousands of active satellites, on 
which we rely heavily for telecommunications, navigation, weather forecasts, oceanic and 
ground surface observation, and security. 

There were other reasons why the Orion concept lost support, even as the Space Age 
was getting into its stride. By the early 1960s, NASA had its hands full with the Apollo 
project and although the agency was interested in new means of propulsion for post-Apollo 
exploration missions, it was already working on the less intimidating NERVA nuclear 
propulsion rocket engine. Orion was a step far beyond what NASA would need, or would 
have budget for, in the short term. NASA was also not keen to get involved with projects 
requiring nuclear explosions, and all the public, political and military implications that 
would entail. The U.S. Air Force was naturally interested, but failed to come up with a 
credible military role for Orion (they were already running out of justifications and sup- 
port for far more modest military missions involving astronauts). 

Dyson concluded his article in Science defiantly: "It is perhaps wise that radical 
advances in technology, which may be used both for good and for evil purposes, be delayed 
until the human species is better organized to cope with them. But those who have worked 
on Project Orion cannot share this view. They must continue to hope that they may see 
their work bear fruit in their own lifetimes. They cannot lose sight of the dream which fired 
their imaginations in 1958 and sustained them through the years of struggle afterward — 
the dream that the bombs which killed and maimed at Hiroshima and Nagasaki may one 
day open the skies to mankind." 

Today, there are enthusiasts advocating Orion-type projects for near-future interplane- 
tary exploration, but the topic is so controversial in nature that space agencies and compa- 
nies are extremely reluctant even to discuss it. It is highly unlikely that an Orion descendant 
will be launching anytime in the coming few decades. 

Orion was meant to reach relatively distant destinations within our solar system, not for 
interstellar missions. Nevertheless, it could be viewed as the first concept seriously pur- 
sued for human exploration far beyond Mars, and potentially as the first of a series of 
crewed spacecraft venturing ever further out towards interstellar space. Orion, as origi- 
nally envisioned, would have been huge, with a starting mass of 3.6 thousand metric tons 
for a 60-meter high *Base Design' capable of flying a payload of 730 metric tons, includ- 
ing a crew of up to 150 people, to Mars and back in only three months. The ‘Advanced 
Interplanetary' version would have been some 9 thousand metric tons and 85 meters high, 
capable of carrying a payload of 1200 metric tons to Saturn and back in just three years. It 
would have required large crew quarters and everything needed to keep tens of astronauts 
alive for months or years, although the relatively short missions and high 'payload' 
capabilities would probably have meant that sophisticated semi-closed-loop life support 
systems would not have been necessary. 
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A 1999 artistic impression of an Orion spacecraft visiting Saturn. [NASA] 


In 1968, Freeman Dyson actually published an analysis of Orion-based starship 
concepts for reaching the Alpha Centauri star system which, as mentioned, is the closest 
to us at a distance of 4.4 light years. He replaced Orion’s fission bombs with considerably 
more powerful, one megaton deuterium fusion explosions. His best concept, in terms of 
travel time, size and mass, would have taken 133 years to reach Alpha Centauri, and have 
a mass of 400 thousand metric tons with a 100-meter diameter pusher plate. In just 10 
days, some 300,000 one-megaton explosions would have accelerated the craft to its cruise 
speed of 10,000 km/s, equivalent to 3.3 percent of the speed of light. To avoid the space- 
craft becoming even more massive, it would not have had the capability to slow down, so 
the starship would have zoomed by its destination at cruise speed and would actually not 
have had much time to explore its locality. Needless to say, in contrast to the original Orion 
concepts, this interstellar spacecraft would not have carried a crew. 

In 1973, a small working group belonging to the British Interplanetary Society asked 
themselves the question of whether a truly interstellar probe could be developed, based on 
plausible near-term technology, and yet be able to reach another star within 50 years. This 
set them working on a concept that was presented in a detailed report titled Project 
Daedalus in 1978. Daedalus also used pulsed nuclear propulsion, similar to Freeman 
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Dyson’s concept in his 1968 paper for an interstellar version of Orion, and this craft would 
also have been an unmanned, one-way flight. 

Rather than targeting Alpha Centauri, however, the group instead targeted the more 
distant Barnard’s Star, 5.9 light years away. Astronomical observations at the time sug- 
gested that this red dwarf star might be orbited by at least one planet. This was later found 
to be incorrect and, ironically, we have since discovered an exoplanet orbiting Proxima 
Centauri (Alpha Centauri C), in the habitable zone where liquid water and thus life is theo- 
retically possible. 

If it was going to get to Barnard’s Star in 50 years, the Daedalus probe would have 
needed a cruise speed of about 12 percent of the speed of light, far higher than could be 
achieved by conventional rocket technology. The team therefore had to look for more 
advanced, and therefore not yet existing, means of propulsion, but without wandering off 
into science fiction concepts like anti-matter engines and warp drives. Their solution was 
based on nuclear fusion explosions. Small pellets of deuterium and helium-3 would be 
injected into a huge combustion chamber and ignited by electron beams at a rate of 250 per 
second. A very powerful magnetic field would confine these thermonuclear explosions and 
channel the resulting high-speed plasma out of the rear of the spacecraft to create thrust. 


Daedalus study project leader Alan Bond, with a model of the space probe. [British 
Interplanetary Society] 
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The first stage of the two-stage ship would be fired for two years to take the probe to 7.1 
percent of the speed of light. After jettisoning the first stage, the second stage would thrust 
for another 1.8 years before running out of propellant pellets. Daedalus would then have 
reached its maximum speed and would continue cruising to its destination, without further 
thrust, for 46 years. Albert Einstein’s Theory of Special Relativity holds that time notice- 
ably slows down on board a spaceship travelling at a considerable fraction of the speed of 
light, with the clock ultimately coming to a stop. But at 12 percent of light speed, this 
effect is still negligible, so that 50 years of travel as measured on Earth would still mean 
nearly 50 years of flight aboard Daedalus. Half a century is a long time for robotic space 
technology to survive without any direct human intervention. 

As with Dyson's Orion, Daedalus would not have been able to decelerate to go in orbit 
around Barnard's Star, in order to limit the size and mass of the probe. The amount of 
propellant needed for such a maneuver would have been prohibitive in itself, but it would 
also have meant carrying greater initial propellant to thrust a more massive probe up to 
cruising speed in the first place, since it would also have been carrying the propellant 
required for deceleration. Having arrived at its destination, Daedalus would therefore have 
flown by at 12 percent of the speed of light. 

Some 25 years after launch, two 5-meter diameter optical telescopes and two 20-meter 
radio telescopes on board the craft would be used to examine the Barnard's Star system and 
find target exoplanets for 18 autonomous probes to investigate individually. The probes 
would be equipped with nuclear-ion drives — electric propulsion systems powered by nuclear 
energy — enabling them to spread out to cover more of the targeted star system. They would 
also be unable to decelerate, however, and would thus still zoom past at incredible speed, 
leaving very little time to utilize their suite of instruments to explore the targeted exoplanet(s). 

Daedalus was a massive concept with a total mass of 53,000 metric tons, almost twenty 
times that of a Saturn V, and a length of 190 meters. Most of its mass, 50,000 metric tons, 
would consist of propellant pellets, and ‘only’ 450 metric tons was reserved for scientific 
payload. As it would be propelled by nuclear explosions, Daedalus could not have been 
launched from Earth and would have had to be constructed in space. Additionally, since 
helium-3 propellant is very rare on Earth it would need to be mined from the atmosphere 
of Jupiter. Daedalus might even have been built in orbit around the giant gas planet to 
simplify propellant loading. 

It is obvious that a Daedalus-type project would be an enormously complex and expen- 
sive undertaking, even though it is a technically ‘plausible’ concept. While we know how 
to build small fusion bombs, setting them off at a rate of 250 per second and being able to 
harness the resulting energy to create thrust is another matter entirely. The concept makes 
even the nuclear pulse propulsion design for Project Orion look simple. Another major 
challenge would be the in-space assembly of the probe, something that has never even 
remotely been attempted at this scale, and certainly not in orbit around Jupiter. Even after 
tackling these very large and most immediate issues, there would still be a number of unbe- 
lievably challenging *details” to address. Maintenance, for instance, would require a small 
army of robotic workers with a fair amount of artificial intelligence, while communication 
over interstellar distances, which would be required at least to send back the scientific data 
obtained, would also be a difficult engineering problem. The Daedalus designers actually 
proposed to use the 40-meter engine bell of the second stage as a radio antenna dish. 
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Another major issue is that, at the incredible speed Daedalus would be traveling, a 
collision with even the smallest speck of interstellar dust could spell disaster. The design- 
ers incorporated a 7-millimeter thick, 50 metric ton beryllium protection shield in front of 
the spaceship, but that would still not suffice, at the cruising speed of Daedalus, to stop 
even a 1-gram micro-meteor, which would hit with an explosive energy equivalent to 150 
metric tons of TNT. An additional safeguard proposed by the designers, therefore, was to 
expel an artificial cloud of particles from “dust bug" support probes some 200 kilometers 
ahead of the vehicle, thus vaporizing any incoming particles into plasma that could then be 
stopped by the beryllium shield. 

Daedalus would have been incredibly expensive, of course. In 2009, a new study 
group was formed to revisit the Daedalus concept of the 1970s. They estimated that a 
Daedalus-type mission would cost about $100 trillion and take 37 years to develop. 
That figure is equivalent to an average yearly expenditure of 3.5 percent of the world's 
current Gross Domestic Product (GDP). The group expected the project to be economi- 
cally feasible only if the cost could be reduced to approximately 0.4 percent of the 
world GDP, which is about double the percentage of national GDP that the U.S. cur- 
rently spends on government-funded space projects (although only a small amount of 
this goes into space exploration). For this to happen, either the costs for the mission 
itself would have to be drastically reduced, or the entire world, not just the U.S., would 
have to become significantly wealthier. In addition, every nation would need to agree 
jointly to undertake the endeavor, else the percentage of GDP expenditure for those 
who did would inevitably go up. 

Daedalus would be an unmanned, one-way trip concept which would take 50 years to 
get to its target, only to zoom by at staggering speed. A starship carrying a crew, or rather 
interstellar colonists, based on Daedalus-type propulsion would need to be far larger, as it 
would need to be able to slow down and achieve orbit around a suitable exoplanet. Such a 
ship would also need to be based on an almost fully-closed ecosystem, to avoid the need 
to transport incredible amounts of food, water and oxygen. It would need to offer sufficient 
living space, and include landers, habitats and everything else required for building up a 
viable colony on another world. Such a spacecraft would effectively be a combination of 
a (greatly enlarged) Daedalus probe and an O’ Neill-type space colony. Attempting to com- 
bine what is essentially the most complex — yet potentially feasible — propulsion system 
we can think of with the most complicated space habitat concept yet conceived would be 
a truly mind-boggling challenge. 

Alternative ideas for manned starships are based on either less complex means of pro- 
pulsion, resulting in far longer journey times, or more exotic propulsion systems to get to 
a stellar destination faster. Slower ships would typically take more than a human lifetime 
to get to their destination (on board as well as from the point of view of Earth, since the 
Special Relativity time dilation effect would be insignificant), and would require the capa- 
bility of supporting multiple generations of crew in truly closed-loop, self-sustaining bio- 
spheres known as ‘worldships’, ‘space arks’ or ‘generation ships’. 

A recent example of this is Project Persephone from Icarus Interstellar, an interna- 
tional organization dedicated to enabling interstellar travel under the motto “Interstellar 
flight before 2100.” Persephone aims to develop an ecological approach to worldship 
design, with a “living interior” based on biological processes rather than the 
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mechanical environmental control systems we currently apply to human spacecraft 
and space station design. It would incorporate Earth-like processes for generating 
water, food and atmosphere, using biological processes as well as high-tech concepts 
such as ‘synthetic soil’. 

A big advantage of this concept is that such ships would act as an orbiting space colony 
after arrival at the targeted exoplanet, so that the crew would not need to hurry to settle the 
new, mostly unknown world, nor immediately need the planet’s resources to be able to 
survive. The bio-technical engineering knowledge needed for worldship ecospheres, how- 
ever, is barely in its infancy, as the Biosphere 2 experiment illustrated, and the inherent 
complexity is extremely high. 

Other slow starship ideas often incorporate totally unproven ‘cryo-sleep’ hibernation 
systems as depicted in science fiction, such as the sleep pods in the movie Alien and more 
recently in Interstellar and Passengers, where crew members are put into a sort of stasis or 
hibernation state for most of the trip. The idea behind this is to dramatically reduce the 
needs for food, water and living space, and to prevent people from growing old before 
arriving at their destination. The human body, however, is not designed for such brutal 
treatment, and even larger animals don’t hibernate for more than one season (and grow 
older in the process anyway). Some microbes can survive being frozen for extended times, 
but we currently have no clue about how to revive a person after being frozen stiff for just 
a few minutes, let alone for decades or centuries — assuming they could even survive the 
freezing process in the first place. 

Ships considerably faster than Daedalus would have to be based on propulsion systems 
that are highly theoretical at this time, again straying into the realms of science-fiction, 
such as engines fed by anti-matter, which would be highly efficient and would theoreti- 
cally enable spaceships with reasonable propellant-to-ship-dry-mass ratios to achieve 
large fractions of the speed of light. Unfortunately, we have no idea how to store anti- 
matter, how to use it without annihilating the spacecraft at the slightest contact with nor- 
mal matter, or how to make it in large quantities. Even if we did, it would take unrealistically 
vast amounts of energy to create enough propellant for a sizeable starship. Some cosmo- 
logical theories state that anti-matter naturally exists in our universe, but if so we have no 
idea where to find it. 

Another example of a faster-than-light starship concept is the Bussard Ramjet, which 
would use a powerful magnetic field as a ramjet scoop to collect and compress the ionized 
hydrogen found in interstellar space, using it as propellant for a thermonuclear fusion 
rocket engine. The unlimited amounts of hydrogen available in space mean that, in theory, 
such a spacecraft could be able to approach the speed of light. With time on board the ship 
slowing down dramatically compared to its passage back on Earth, for the crew the vast 
distances could be covered in an acceptable fraction of a human lifetime, while many 
generations pass on Earth. The possible consequences of this are dramatically depicted in 
Poul Anderson’s novel Tau Zero. 

Since American nuclear physicist Robert Bussard conceived this starship concept in 
1960, however, it has become clear that the hydrogen density in interstellar space, at least 
in our solar neighborhood, is much lower than he assumed. Moreover, it may well be that 
the drag force created by the hydrogen being collected and compressed would actually be 
greater than the propulsive force attained. In his recent book about the future of space 
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Artistic impression of the Bussard Ramjet starship in flight. [NASA] 


exploration, Louis Friedman rightly points out that in starship design, “the concepts are 
often based on real physics, but not on real technology.” 

Considering that it often takes complex, real-technology space missions decades to 
come to fruition, interstellar starship flights may seem only a distant dream, hardly 
more than space engineering escapism. Nevertheless, as Jeff Lee, the Project Lead of 
the XP4 advanced propulsion project being developed under the umbrella of Icarus 
Interstellar, expresses on the organization’s website: “... we don’t know that fruition 
will take centuries; it may, and then again, it may not. If we don’t first explore theo- 
retical ideas, then we’ll never develop any technology. Second, our focus of research 
is on the physics behind ideas, not specific technological designs of those ideas (at 
least as far as XP4 is concerned). For instance, nobody knows how to produce vast 
quantities of the negative energy necessary for warp drive. In time, that may come. For 
now, we’re taking the first baby steps that may lead us to future technologies. Whether 
fruition takes two years, 20 years, or 200 years is actually much less important than 
the argument that we must begin somewhere.” 
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STARSHOT 


The main reason why interstellar spacecraft concepts, crewed or otherwise, are so large 
is that they have to carry enormous amounts of propellant to boost a self-sufficient 
spacecraft, plus that propellant, up to a velocity of at least a few percent of the speed of 
light. As with any launcher, the propellant is thus used initially to accelerate mostly 
propellant. For probes aiming to fly out to the far reaches of the solar system, solar sail- 
ing is an option, which would greatly reduce the volume and mass of a spacecraft 
because it would not require any propellant for acceleration. For solar sails, the Sun is 
effectively the propulsion unit. 

Unfortunately, the power of the Sun diminishes rapidly the further out you go, and is 
therefore unable to accelerate a reasonably-sized solar sail probe to a speed sufficient for 
interstellar flight. This situation has led to ideas of replacing the Sun with an artificial 
source of photons, a laser system focusing light on the sail to achieve power levels much 
higher than would be available from the Sun. 

This is the concept behind the Breakthrough Starshot project that was announced in 
April 2016. Its ultimate aim is to send out a fleet of very small and light ‘StarChip’ nano- 
craft light-sail probes, laser-accelerated to 15 or even 20 percent of the speed of light. The 
total mission time for these miniature probes would be relatively short: 20 to 30 years to 
reach Alpha Centauri as measured on Earth (a couple of months shorter on the ship’s cal- 
endar, due to Special Relativity time dilation) plus 4.4 years for the radio signal with 
images to travel back to us. As with Daedalus, the probes would not be able to decelerate, 
and would thus fly past their target at cruise speed. 

Rather than sending one big, complicated and extremely expensive starship, the Starshot 
initiative aims to send thousands of these small and cheap StarChips, increasing the 
chances of mission success because even the destruction or malfunction of hundreds of 
StarChips would not impair the mission; ultimately, only one has to make it to Alpha 
Centauri and radio back its observations. 

Recognizing that a long list of engineering challenges will need to be resolved before 
probes can actually be sent to the nearest star, for now the project aims to demonstrate 
proof-of-concept ideas and to “lay the foundations for a first launch to Alpha Centauri 
within the next generation.” 

Unlike many interstellar flight studies, this project is not a small, ‘cobbled together 
in a backroom’ type of venture. Physicist and venture capitalist Yuri Milner has pro- 
vided $100 million of funding to get the project started, and is backed by famous cos- 
mologist Stephen Hawking and Facebook CEO Mark Zuckerberg. All three are board 
members of Breakthrough Initiatives which, apart from the Starshot project, has also 
initiated the “Listen” program to search for radio signals from extraterrestrial civiliza- 
tions, and the ‘Message’ initiative to “encourage debate about how and what to com- 
municate with possible intelligent beings beyond Earth.” Pete Worden, a former 
Director of NASA’s Ames Research Center, is tasked with running the various 
Breakthrough Initiatives. 
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BREAKTHROUGH 
STARSHOT 


Yuri Milner shows a tiny StarChip example at the press conference where he announced 
Breakthrough Starshot. [Bryan Bedder/Getty Images for Breakthrough Prize Foundation] 


The current Starshot plan involves about a thousand centimeter-sized StarChips, each 
with a mass of only few grams, launched into high Earth orbit on a ‘mothership’ from 
which they will be deployed once in space. Extremely powerful ground-based lasers 
would then focus a light beam on each nanoprobe’s 4 by 4-meter light-sail, accelerating 
them one by one to maximum speed within just 10 minutes. During that brief amount of 
time, each nanoprobe would increase its speed at 100 kilometers per second or more (to 
achieve 20 percent light speed), subjecting the probe to an unprecedented 10,000 g. It 
needs to be achieved in this relatively short time span because each probe will quickly fly 
out of the laser’s effective range. 

One major consideration is the amount of illumination energy that the laser system will 
need to deliver for this — in the order of a terajoule, or 278 megawatt-hours — within the 
acceleration period of 10 minutes. This is an average of 1.7 billion watts, equivalent to the 
power of 17 million old fashioned 100 watt lightbulbs. In fact, the power that will need to 
be sent out by the ground-based lasers will actually be even greater than this, because the 
laser beams will weaken as they travel through the atmosphere to the orbiting space probes. 
The project predicts utilizing a square-kilometer array of 10-kilowatt ground-based lasers, 
with a combined output of up to 100 gigawatts. 
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Artistic impression of a Breakthrough Starshot nanocraft being accelerated by the combined 
power of a large number of ground-based lasers. [Breakthrough Prize Foundation] 


These numbers give some idea of how complex a true Starshot system would be. For a 
start, the acceleration level of 10,000 g is a lot for electronics to handle. Electronics used 
in military artillery shells can handle g levels about 1.5 times higher than this, but only 
need to survive such extreme acceleration for a fraction of a second, not continuously for 
10 minutes. The amount of laser energy arriving at the light-sail of each StarChip is also 
so incredibly high that it is as likely to evaporate it as propel it. The sail would have to be 
almost perfectly reflective so that all the photons are reflected back (this is what provides 
the thrust, because any energy absorbed by the sail is converted into heat and does not help 
to push the sail forward), or would need to absorb virtually no energy if it is not so per- 
fectly reflective. 

The square kilometer of laser cannons will also be quite an achievement. Lasers 
more powerful than the 10-kilowatt units foreseen for the project do already exist, such 
as the megawatt-class airborne YAL-1 ‘ballistic missile killer’, but the 100-gigawatt 
power requirement of the entire array is equivalent to the combined output of some 15 
large nuclear power plants. Moreover, the YAL-1 laser was only designed to target bal- 
listic missiles at distances of tens of kilometers, not small light-sails thousands of kilo- 
meters up in space. 
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As well as resolving how to get the probes under way, another major question for the 
project is exactly what use a StarChip probe could be on an interstellar mission. How can 
a spacecraft of a few grams contain sufficient functionality and power supply to make use- 
ful observations of the targeted star system and radio back the data? The equipment used 
for such tasks on conventional interplanetary space probes weighs tens of kilograms, not a 
few grams. The StarChip’s mass cannot readily be increased, because even the contem- 
plated massive amount of laser power would still only be able to provide a few Newtons 
of thrust, insufficient to boost a probe of higher mass to the desired speed. 

Even more so than for Daedalus, a collision with even the tiniest speck of dust would 
mean the end of a StarChip at 20 percent lightspeed, a greater velocity than that planned 
for the far larger spacecraft. The probes are so tiny that they could not possibly be equipped 
with large protective shields because of the severe mass limitations. On the positive side, 
the probe’s diminutive size, with a front facing cross section of only 0.1 square centimeters 
once the light-sail is discarded, reduces the likelihood of an impact dramatically in com- 
parison to the massive Daedalus. The analysis available at the Breakthrough Starshot 
website indicates that the chance of a ‘killer’ impact is quite small, and that a tiny layer of 
shielding material would suffice to significantly increase the chances of each probe surviv- 
ing. The old adage of ‘strength in numbers’ also improves the chances of at least one of 
the thousands of tiny probes succeeding. 

The Breakthrough Starshot website features a “Challenges” section with a list of nearly 
30 major issues that need to be overcome, most of which are technical. Milner estimates 
the total mission cost to be $5 to $10 billion, mostly for the giant laser array, which seems 
rather optimistic since the budget of the YAL-1 airborne anti-ballistic missile laser system 
alone was over $5 billion. Nevertheless, the website states: “The nanocraft concept, com- 
bining light beamer, light-sail and StarChip, is by far the most plausible system for launch- 
ing a realistic mission to Alpha Centauri within a generation.” When comparing Starshot 
to concepts like Daedalus with its massive in-orbit construction, nuclear fusion propulsion 
and helium harvesting at Jupiter, this is probably true. 

Modern concepts for robotic interstellar missions, like Daedalus and Starshot, are 
extremely complex and challenging, definitely at the far end of any robotic space explora- 
tion time-line in terms of technical and economic feasibility. But they nevertheless appear 
far more feasible, particularly Starshot, than any current concept for manned missions to 
other stars. Unless an unforeseen breakthrough in physics provides radically new propul- 
sion possibilities (such as Star Trek’s warp drive, or the wormholes used in the movies 
Contact and Interstellar), as Friedman states: “We will be ready to use our rapidly advanc- 
ing technology to take us to the stars virtually, long before we invent some yet unknown 
transport that can make human interstellar flight practical.” 
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Conclusions 


In his opening remarks for the 1966 American Astronautical Society symposium ‘Space 
Age in Fiscal Year 2001’, the same symposium at which Krafft Ehricke presented his bold 
visions mentioned in the introduction of this book, the General Chairman of the National 
Aeronautics and Space Council commented that, in his opinion, at least the following 
should be assumed for the status of spaceflight 35 years later: 


1. “Unmanned scientific probes throughout the entire solar system and slightly beyond.” 
Arguably, we did achieve this by the year 2001, with all planets except Pluto visited by 
at least one fly-by mission and the Voyager probes reaching what can be considered the 
border zone of the solar system. Pluto was still considered a full planet in 1966 as well 
as 2001, but it was demoted to dwarf planet status in 2006. So, retroactively we could 
state that in 2001 all worlds currently considered to be a major planet had been visited; 
a bit of a cheat, but New Horizons flew past Pluto in 2015 in any case. 

2. “Recoverable vehicle techniques will have become common in manned space transpor- 
tation systems ... [and] will have driven such [transportation] costs down to the order 
of $10 per pound.” Such a low price to orbit, equivalent to $35 per kilogram today, is 
definitely still a long way off. Current prices are, at best, a factor of 100 higher and 
since the Space Shuttle’s retirement in 2011, we have actually lost manned recoverable 
vehicle capability, for the time being at least. By ‘vehicle’, the Chairman meant shuttles 
and spaceplanes, not the familiar re-entry capsules such as Apollo and Soyuz. 

3. “An economical manned transportation system to the near planets is likely to be either 
in service or in active development.” This one certainly isn’t true yet, but it also depends 
on your definition of ‘active development’. And he did say ‘likely’. 

4. “It does not seem that the interstellar hardware would be in active development by 
then.” Indeed, it still isn’t, so at least we are in line with this prediction. However, he 
then went on to say: “... it is easily conceivable that the long-awaited fusion power 
breakthroughs will have occurred.” We are still awaiting those breakthroughs. 
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5. “Applications and utilizations of aerospace technology will become commonplace.” 
This can be considered to be the case, with Earth observation, satellite navigation and 
telecom satellites. In addition, ‘spin-off’ technologies from space programs, such as 
miniaturized computers, smoke detectors, CAT scanners, water filters and a variety of 
advanced materials, are so commonplace that hardly anybody remembers their space 
origin. 


In terms of the expectations of these experts from 1966, we have actually done relatively 
well, at least for satellites, robotic interplanetary probes and 'spin-offs'. But there has been 
much less progress with regard to cheap launch systems and economical (or even un- 
economical) manned interplanetary space transportation, let alone ‘interstellar hardware’. 

One problem with these still-unavailable technologies, and in fact with most of the 
large space missions covered in this book, is that they rely on what meteorologists would 
call ‘a perfect storm’, where all the circumstances are just right for a drastic change. Such 
projects are unlikely to materialize unless all the variables are just right, at exactly the right 
moment. The Apollo program is perhaps the best example of this, where the available 
technology, economic resources, public mindset and political will all came together to cre- 
ate something great. Perfect storms are rare, however, and they don’t last long and are hard 
to predict. 

Take Space Solar Power, for instance. As we have seen, this will require enormous 
satellites produced by enormous in-orbit facilities, fed by an enormous launch facility 
equipped with a very large fleet of launch vehicles. Economically viable solar power from 
space would only be possible if we develop alongside it the ability to build extremely large 
structures in space, as well as learning how to control (position and point) such behemoths, 
developing efficient and safe wireless GEO-to-Earth power transmission and putting into 
operation reusable super heavy-lift launchers that are far more efficient than anything we 
have today. Oh, and that we also develop a lunar mining industry (itself requiring efficient, 
low cost launchers) to provide the necessary raw materials to in-orbit factories, find a way 
of housing hundreds of people in enormous space stations or colonies, develop the capa- 
bility to launch these astronauts safely into space on a regular basis and somehow manage 
to get the vast sums of money needed to develop all this before the system is capable of 
providing any revenue (which is not likely to be for decades). And that’s all assuming that 
traditional energy sources are close to depletion and that the development of Earth-based 
renewable energy sources does not progress far enough to provide more economical 
competition. 

Each of these main issues in themselves carry their own long list of sub-issues, such as 
reusable launch vehicles relying on the development of aircraft-like operations, highly 
efficient yet very reliable and low-maintenance rocket engines, new heat resistant materi- 
als, and so on. Proposing a massively complex project with a very low technical maturity 
level that is dependent upon other highly complex and expensive projects, which are them- 
selves in very early phases of technical development, is a non-starter in the real world of 
space program management, politics and funding. While it might be a desirable combina- 
tion that would make all dreams come true in one go, you would need to be an extreme 
optimist to expect to see it all coming together to have a project like large-scale Space 
Solar Power become reality. 
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The history of actual space systems, like the Space Shuttle, the International Space 
Station and the James Webb Space Telescope, which are all very humble by comparison, 
unfortunately shows that over-optimistic assumptions, over-expenditure, schedule delays 
and less-than-expected performance are the norm for large space endeavors (and this is 
also the case for many large Earth-based infrastructure programs). Occasionally a break- 
through takes place, such as the developments of SpaceX leading to lowering of launch 
prices, but the point is that revolutions in single areas are not enough. Many of the large 
projects in this book require breakthroughs in all of the areas concerned. 

Even a seemingly more modest mission, such as landing a robotic probe on Jupiter's 
moon Europa to investigate its subsurface ocean, will require a series of important tech- 
nologies to be developed, such as a highly intelligent landing system, electronics that can 
function at very low temperatures and in harsh radiation, a miniaturized nuclear reactor 
that can be safely launched from Earth, and powerful and highly reliable lasers, as well as 
a cryobot able to dig/melt through kilometers of ice and a highly autonomous submarine 
equipped with novel instruments that are able to search for life at extreme depth. 

Additionally, many of these ambitious space plans are in competition with each other, 
be it for available government funding or for money from private investors. High expendi- 
ture on the James Webb Space Telescope, for instance, put an end to NASA's plans for 
Mars Sample Return missions in the 2010s and also stalled developments for the Terrestrial 
Planet Finder. Supporters for near-future manned missions to Mars are typically at odds 
with those favoring the establishment of lunar bases, with lunar exploration advocates 
often claiming that crewed Moon missions will form an indispensable stepping stone on 
the way to Mars, while manned Mars mission devotees declare that new lunar expeditions 
will be unnecessary diversions. In the words of famous Mars settlement advocate, Robert 
Zubrin: *Well, if you want to go to Mars, go to Mars!" Similarly, among the experts in 
access to space — whether real or self-appointed — the jury is still out on whether to invest 
in cheaper, maybe partially reusable, heavy-lift launchers or in sophisticated space planes. 
Even though engineering and science are driven by facts, prioritization of the next major 
endeavors and developments remains very much a matter of opinion. 

When planning and evaluating space projects, or in fact any project, it is increasingly 
important to view its ‘total life cycle’ rather than a single phase. Yes, Space Solar Power 
may be cheap once several huge power-satellites are up and running, but you also need to 
consider the vast amount of effort and expenditure needed to develop the basic technology, 
to design the whole orbital infrastructure, and to get all of that into space. And what about 
maintenance of the behemoth powersats? What if one fails or needs to be taken off-line for 
repairs? When and how often do they need to be replaced? What do we do with obsolete 
powersats; abandon them in place as gigantic space debris, or upgrade or recycle them? 

In a similar vein, Mars colonization does not only mean sending people and building 
habitats, but also long-duration planning for maintenance, back-up systems, replacement 
of worn-out equipment and possibly the return of retiring colonists. Even if it can be con- 
sidered as one of the more benign planetary environments in the solar system, the surface 
of Mars is still a hostile place that allows very little margin for mistakes, accidents and bad 
planning, particularly with help from Earth being at least half a year away. 

Advocates of one ambitious space scheme or another often fall into the trap of looking 
only at the phase where their pet project shows its most important benefits, forgetting 
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about or ignoring all the effort that will be needed to get it to that stage, and all the work 
and money that will be required to keep it going. 

Robert Zubrin has something to say about this aspect of spaceflight schemes as well, 
namely that ambitious government human space programs need a well-defined mission 
statement that requires fulfillment within a decade. Ten years is suitably near-future for 
politicians, at about two terms for a U.S. president, which ensures that they will be able to 
see results of their support come to fruition, while also providing a sufficiently demanding 
timeline for investments to be pressing. If it takes longer, funding will not be made avail- 
able in time, because there are always other, more immediate demands for government 
money. This results in a lack of progress that, almost inevitably, gives subsequent leaders 
and governing bodies an excuse to cancel the program. In 1967, Jack Bell, the Director of 
Manned Space Advanced Systems for North American Aviation, noted in the introduction 
to his paper An Evolutionary Program for Manned Interplanetary Exploration that: “In the 
international competition for scientific and technological leadership, the rewards for being 
second are relatively small. Considering this, early achievement of significant program 
accomplishments becomes an important program requirement. Other considerations that 
impose this requirement are the possibilities of apathy and loss of support on a program 
extended over too long a period without producing obvious significant achievements.” 
President Kennedy committing the U.S. to “achieving the goal, before this decade is out, 
of landing a man on the Moon and returning him safely to the Earth” was well considered 
in this respect. 

In contrast, when President Obama called in 2010 for “sending humans to the Red 
Planet in the 2030s,” he was considerably more vague, launching NASA on a multi-decade 
endeavor without a clear deadline and with an indeterminate goal that is open to interpreta- 
tion. Sending humans to Mars does not necessarily mean landing, because a quick fly-by 
could fulfill this mission statement as well. As a result, NASA is today developing the 
technologies needed for future Mars missions, but apart from the Orion spacecraft and the 
SLS launcher, the development of most elements needed for such a mission has hardly 
begun, and there is no established, funded timeline leading to a well-defined human Mars 
mission in a decade or two. There is a significant risk that NASA will be side-tracked on 
its already meandering path to Mars, or will not obtain sufficient funding, or will be set a 
completely different goal by a new Administration. 

In his essay for the conference ‘Remembering the Space Age, which NASA organized 
in 2007, Professor of International Relations and of History, Walter McDougall, stated 
that, “given the costs, lead-times, and distances involved, the pioneering of space requires 
a coherent, sustainable, long-term approach, predictably financed and supported by a 
patient people willing to sacrifice and delay gratification even over a generation or more. 
Americans do not fit that description.” 

A related observation comes from David Portree who, in his immensely interesting blog 
‘Spaceflight History’, aims to tell space exploration history through missions and programs 
that didn't happen (“that is, the vast majority of them,’ he comments). Portree notes: 
“Engineers often make the mistake of assuming that the course of spaceflight should be 
logical. Perhaps this is a quirk of the engineer personality (if such a thing exists). In any 
case, it is an unrealistic expectation. Human enterprise does not follow a logical path. 
History is about expediency and contingency; rarely do engineers see eye to eye, and, in 
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any case, engineers do not comprise the majority of players in spaceflight decision-making.” 
The way political and economic realities keep frustrating the grand evolutionary spaceflight 
plans of engineers like von Braun, Ehricke, Sanger, O’ Neill, and more recently Zubrin, are 
illustrative of this. 

As far as access to space is concerned today, after almost 60 years of research, develop- 
ment and testing, it is still only large corporations, government agencies and a few very 
wealthy individuals who can afford it. Large scale orbital space tourism, or even ‘just’ 
hypersonic space transportation to the other side of the world, remains far off. 

In the meantime, the importance of large space stations has become ever more ques- 
tionable, and the optimism displayed in 1970s and 1980s plans for giant space colonies 
now seems to be ludicrous. At best, space colonies are something for the next century, 
wholly depending on a drastic reduction in launch costs and most likely requiring large 
scale lunar or asteroid mining to be set up first. What the population of such a space colony 
would be doing for a living is also much less clear than it seemed a few decades ago, with 
the gradual demise of Space Solar Power as a concept for providing a major part of the 
world’s energy. It is a pity that reality has a habit of getting in the way of such inspira- 
tional, visionary space concepts. 

Then again, even if the ‘grand goal’ mission at the far end of the timeline does not 
mature as envisioned, and maybe never will, the road towards that vision may still serve a 
purpose. In their paper ‘The Greatest Missions Never Flown: Anticipatory Discourse and 
the “Projectory” in Technological Communities’, the authors Lisa Messeri and Janet 
Vertesi argue that large NASA flagship missions that are continually being re-proposed 
and deferred still serve a purpose as ultimate end points. They state that: “The communi- 
ties surrounding MSR [Mars Sample Return] and TPF [Terrestrial Planet Finder] do not 
disappear with the loss of funding, but maintain their devotion to the future mission.” As 
such, these missions help to maintain communities of scientists and engineers all working 
towards a common goal, while developing less ambitious missions along the way that do 
actually fly. The authors further state that: “... interest in past futures invites historians of 
technology to examine the unrealized technologies littering the archive as not simply tech- 
nological failures or fantasies, but as material culture produced to maintain communities 
in the face of technological uncertainty.” 

Defining a full ‘wish list’ of all the things that scientists want from their ideal dream 
mission means that subsequent downscaling is possible (maybe a smaller lander, a scoop 
instead of a drill, a more compact camera and so on), resulting in missions that fulfill at 
least a useful part of the overall vision. The ultimate ‘dream mission’ shows the way for- 
ward, providing a vision based on which technology developments and intermediate mis- 
sions can be organized. The authors of the paper give the example of the overly ambitious 
Voyager Mars project of the late 1960s, which, after its cancellation, led to the smaller but 
still impressive Viking missions. The same could be said for the ATHENA X-ray telescope 
that ESA is currently working on, which emerged from work on the very ambitious, but 
much too complex and expensive, XEUS and IXO space telescope concepts. The innova- 
tive X-ray ‘mirror lens’ technology originally under development for incorporation in 
XEUS is still the core technology on which ATHENA will be based. 

Similarly, concepts completely overtaken by time often led to, and helped to develop, 
alternatives and successors. The MOL manned military reconnaissance space station, for 
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example, led to large unmanned satellite systems that could do the same job but without 
needing astronauts. The large lunar lander of the early U.S. manned Moon mission plans 
that required a colossal Nova rocket was replaced, by incorporating a lunar-orbit rendez- 
vous between an orbiter and the ascent part of a lander, by the far smaller Apollo Lunar 
Module that could fit on a Saturn V launcher. 

Having an ultimate destination or an end goal, a ‘dream mission’, helps you to set up 
your travel plan and keep your travel company together. Even if you never get there, 
opportunities often present themselves along the way that still make the trip worthwhile, 
or may even be better than your original objective. Often, the journey is more important 
than the destination. 

One of the main topics of Messeri and Vertesi’s paper is Mars Sample Return, a mission 
that is continually being pushed a decade further into the future, yet still helps to maintain 
interest in the Red Planet, foster international cooperation, shape technology develop- 
ments, and guide the careers of people who made other important missions come true. We 
still don’t have samples from Mars (apart from the occasional Martian meteorite that ends 
up on our planet for free), but we do have a small fleet of satellites orbiting the planet, and 
wheeled robots roving the surface. And several new Mars missions are on the way. The 
return of samples continues to be a goal that rallies support for the exploration of Mars, 
and in itself is a step towards crewed landings. That, too, is a big spaceflight goal, which 
does a similar job of maintaining interest for human spaceflight, providing inspiration for 
new generations of scientists and engineers, and ensuring its continuation. In effect, ambi- 
tious visions can thus become self-fulfilling prophecies. 

For a Mars Sample Return mission, the required budget of about $5 billion, although 
high, is not totally unrealistic for today’s space agencies (after all, the budget for the James 
Webb Space Telescope is now capped at $8 billion). It appears that, of all the ‘dream mis- 
sions’ described in this book, Mars Sample Return may be the one with the best chance of 
becoming a reality in the not too distant future. 

The International Space Station (ISS) has had several official mission statements across 
its lifetime, ranging from being an outpost in orbit for servicing satellites (which never 
materialized), to a grand laboratory for breakthrough science (from which we are still 
awaiting really fundamental discoveries), and to a facility available for commercial experi- 
ments and projects of all kind (which it is currently doing only in a limited way; large- 
scale commercial usage never really took off). But the one that has proven the most 
enduring, and has survived all the hype, is its purpose as a tool for learning how to live in 
space, by hosting long-duration missions and applying new technologies to keep astro- 
nauts alive in the hostile environment beyond our atmosphere. In the process, it is helping 
to retain people’s interest in spaceflight, with astronauts serving as the public face for the 
large teams in the space agencies and associated industries that continue to work on new 
human spaceflight projects. 

In terms of progress in human spaceflight, however, the ISS only makes sense because 
we continue to project follow-up programs to send people further into space, whether that 
is a Moon village or manned Mars landings. Without a grand future for humanity beyond 
Earth, the ISS would merely be a job program and a handy tool for maintaining diplomatic 
relations among the contributing nations, who may be on less cooperative terms regarding 
other, more terrestrial matters. 
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Nevertheless, while the intention to go beyond LEO and return to the Moon and/or visit 
Mars is shared by all major space agencies, there are still no clear, fully funded plans with 
firm deadlines to land astronauts on either world. The ISS may continue to operate 
throughout the entire 2020s, further postponing the need for a quick decision on the next 
goal for human spaceflight. 

The danger with this, of course, is that in the meantime the public may get used to the 
status quo. The generations that experienced the excitement of the Apollo days are becom- 
ing a minority over time, with younger people not missing what they never experienced 
and growing content with the returns from unmanned probes that become ever more 
sophisticated. As Louis Friedman warned in his recent book: “If another decade (let alone 
two or three) goes by without humans going farther in space, not only will public interest 
likely decline but also the aforementioned robotic and virtual exploration technologies 
will pass us by. We would be hidebound on Earth — a very unsatisfying end to humankind’s 
growth.” 

Friedman’s concern is not that robotic exploration will not be able to provide us with 
the scientific data that a human mission could. On the contrary, he in fact expects that 
robots will soon overtake us in this respect and, via virtual reality, will make armchair 
astronauts out of all of us. He is instead worried that we will never settle Mars, as in physi- 
cally moving part of the population to the Red Planet, and will thus keep all our evolution- 
ary eggs in one basket, the Earth. This relates to what many assert is the ultimate — and 
possibly the only valid — goal for human spaceflight: ensuring the survival of our species 
against anything disastrous happening to our planet, such as the impact of a giant asteroid, 
or the eruption of a super volcano, let alone any of the multitude of things humans are 
capable of doing to mess up the planet, like global nuclear war, climate change, large scale 
use of biological weapons and so on. Of course, this would require colonization on a mas- 
sive scale, because as long as Mars remained dependent upon Earth for knowledge, equip- 
ment, materials and people, the demise of humanity on Earth would also soon signal the 
end of any colony on Mars. This is, therefore, a long-term concept, but you have to 
start somewhere sometime, such as landing a few astronauts on the Red Planet in the 
coming decade. 

The main issue with many of the missions and concepts described in this book is not their 
technical feasibility, but rather the two questions most often heard in the context of space- 
flight: “Why would you do it?” and “Who is going to pay for it?” With the propaganda and 
military value of space exploration having diminished significantly since the Cold War days 
of the 1950s and 1960s, these questions have (rightly) grown in importance among the pub- 
lic and politicians. Space flight advocates have had to defend their cause ever more vigor- 
ously since the Space Race ended, especially with regard to human spaceflight. As early 
space pioneer H.H. Koelle (known for his 1951 wheel space station design and responsible 
for the preliminary design of the Saturn launch vehicle family at NASA) expressed in an 
interview in 1999: “The main problem is not the lack of appropriate technology or financial 
resources, but the lack of a program deemed socially and politically desirable!" 

Space is not the most important thing in their lives for most people on this planet, and 
although manned spaceflight achievements such as landing on the Moon are major histori- 
cal events, they have had relatively little impact on everyday life up till now. There are no 
factories in space, nor colonies on the Moon. Most people do not realize that astronauts 
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and cosmonauts have been permanently living in space on the ISS since November 2000, 
and can therefore easily imagine a world without human spaceflight and probably space 
exploration in general. Typical negative remarks about government expenditure on 
space programs express the view that the money could be better used elsewhere (health 
care, human aid), that tax money should only be used for direct applications, or that all 
spaceflight should be left entirely to private companies. Such criticisms are often driven by 
substantial overestimations of the impact that space agency funding has on the overall 
government budget (NASA’s budget, for instance, has remained well under one percent of 
the U.S. Federal Budget since 1994, and peaked at a mere 4.4 percent in 1966). Space 
projects thus need justifications well beyond vague notions such as an ‘imperative’ or ‘the 
next frontier’, and the larger the project, the bigger the justification needs to be. 

Justifications for space projects typically fall within one or more of the following cat- 
egories, in descending order of romance and nebulosity: human destiny, national glory, 
scientific exploration, national security, economic development, and benefits to the broader 
public. An ‘elevator speech’ published by NASA’s Office of Strategic Communications in 
2007 declared: “Why explore? ... Because exploration powers the future through inspira- 
tion, innovation, and discovery.” But famous space promotor Neill deGrasse Tyson states 
that, historically, there have been only three real motivations for societies to spend signifi- 
cant amounts of capital on very ambitious projects such as the pyramids, long voyages of 
exploration and the Manhattan Project, namely “the celebration of a divine or royal power, 
the search for profit, and war.” These are roughly equivalent to ‘national glory”, “economic 
development’ and ‘national security’ in the previous list. 

The Apollo project was funded because of its role in the Cold War. Ultimately, its main 
goal was to beat the Soviets to the Moon and demonstrate the superiority of the ‘American 
Way’, not the science, exploration or advances in technology. The military space budgets 
around the world are considerable, especially in the U.S., where the total military space 
expenditure (mostly on satellites for telecommunication, reconnaissance and early warn- 
ing of ballistic missile attacks) is greater than NASA’s budget. 

Private industry has so far found profit mostly in government space contracts and the 
development and operation of telecommunication satellites, with commercial Earth obser- 
vation as a recent addition. Orbital factories were cited in the 1970s and 1980s as potential 
money makers, but nobody has ever seriously invested in them and currently the whole 
idea seems to have been all but discarded. 

Mining on the Moon, and especially the asteroids, is currently receiving a lot of inter- 
est, but will require huge investments against economic returns which, for the moment, 
remain very questionable. At the current cost for launches and spacecraft, it would not 
even pay to go to the Moon if there were gold bricks lying around just waiting to be col- 
lected. Use of the mined resources in space itself would depend on in-space customers; 
companies needing asteroid or lunar material for the construction of large space stations 
and spacecraft, or at least for refueling their spacecraft with hydrogen and oxygen made 
from asteroid water ice. In other words, an interplanetary economy; not necessarily on the 
scale of O’Neill’s colonies and orbital factories, but a far more developed spaceflight situ- 
ation than we have today, or is foreseen for the next few decades. 

The Moon is often cited as a potential source of Helium-4 that could be used in nuclear 
fusion reactors to provide the Earth with clean energy. However, it seems that lunar mining 
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and processing on a massive scale would be needed to collect sufficient amounts of 
Helium-4, and the nuclear fusion reactors in which to use it do not yet exist. Once again, 
this would be a highly complex and costly endeavor that relied on another highly complex 
and costly business, namely nuclear fusion, to take off. 

‘Celebration of a divine or royal power’ is something of an outdated term, at least for 
most spacefaring countries, but ‘national glory’ is in fact still a strong motivator, espe- 
cially for highly ambitious nations such as China and India. For China, a major reason to 
invest in human spaceflight and interplanetary exploration appears to be the wish to be 
recognized as a ‘member of the club’ of major spacefaring nations. It is one element of 
China’s growth into a global super power. Likewise, abolishing human spaceflight would 
lead to a loss of national prestige, sending out the message to both your own population 
and the rest of the world that your nation is no longer the leader and pioneer it used to be. 
That is one reason why Russia keeps sending up cosmonauts, despite the rather question- 
able state of its economy. 

For the really large and complex, multi-billion dollar projects listed in this book to become 
reality, they will thus likely need either to return huge profits or provide significant military 
or political gain in some new kind of space race. But the trouble with races is that support 
can dwindle rapidly once the initial goal has been achieved or become moot, as exemplified 
by the Apollo lunar landings and the Soviet human Moon mission plans respectively. 
Expecting societies, through their governments, to fund Apollo-type programs based on 
science return and their spirit-of-adventure merits alone seems unrealistic today. 

Nevertheless, space enthusiasts are generally an optimistic crowd. As Krafft Ehricke 
observed in ‘Space Age in Fiscal Year 2001” in 1966: “The space age individual looks 
forward, more so and perhaps more confidently in view of the trials passed and the tasks 
accomplished, than any generation before him in the history of mankind.” Plans for lunar 
bases and Mars expeditions are frequently being drafted, and there are still serious advo- 
cates trying to convince the world that large scale Space Solar Power is the solution to all 
our energy needs, although space colonies as envisioned by O’ Neill seem to have gone out 
of style, with hardly anybody promoting these as a viable near-future project anymore. 

While government programs still remain the prime enablers of spaceflight, and espe- 
cially space science and exploration, many space enthusiasts have now pinned their hopes 
on private enterprise and the potential economic returns from their ambitious space 
dreams. Such hopes have been energized by the various NewSpace initiatives that suc- 
ceeded earlier this century, starting with the paid ‘spaceflight participant’ trips to the ISS 
aboard Russian Soyuz capsules and maturing through the current undertakings of compa- 
nies such as SpaceX, Blue Origin, Virgin Galactic and Bigelow Aerospace. All these 
undertakings are led by visionaries with great enthusiasm for space, but who, critically, 
also have good business skills. Blue Origin and Virgin Galactic aim to make profits from 
flying space tourists to the edge of space, while Bigelow Aerospace hopes to exploit its 
development of expandable space station modules through ‘orbital hotels’. 

The most ambitious of the private NewSpace companies, however, is SpaceX. Elon 
Musk’s plan is to settle Mars via a public-private partnership, in which the business for 
SpaceX appears to be the transportation of colonists. Musk’s philosophy seems to be to 
make Mars missions affordable and to put some of the needed mission elements in place, 
facilitating the opportunity for a U.S. President to direct NASA to land astronauts and even 
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settlers on Mars. If that happens, SpaceX will be in a very good position to obtain govern- 
ment contracts for flights and further developments, so there is a strong economic ratio- 
nale. Apart from being a Mars enthusiast, Elon Musk is primarily a brilliant entrepreneur 
with a very good understanding of spaceflight economics, and this may well be a winning 
combination. It is important to note, however, that even Musk expects that large govern- 
ment funding will still be required to settle Mars, through a “huge public-private partner- 
ship,” as well as private sector investments in addition to those of his own company. 

Considering all the capabilities that will be needed to land people on Mars and return 
them safely, at the moment the U.S. definitely holds the best cards. NASA is the only 
organization experienced in landing fairly large systems on the Red Planet and the only 
space agency that has landed astronauts on the Moon. It has considerable experience in 
long duration human spaceflight and in the development and operation of the systems 
needed for this, and is by far the most advanced in the development of a new super heavy- 
lift launcher and crewed spacecraft for long missions beyond LEO. The U.S. is also best 
able to afford a large human interplanetary program and has the most active launcher and 
human spaceflight industry, with multiple private companies developing new cargo and 
crew capsules as well as innovative launch vehicles (some of which could rival the capa- 
bilities of NASA’s SLS rocket). It also seems to be the nation with the most political as 
well as public support for human Mars missions, through organizations such as the Mars 
Society, Explore Mars and the Planetary Society. 

ESA seems to be more interested in new space stations and/or lunar bases at the 
moment, and as an organization it lacks the budget for human Mars exploration on its own. 
Russia’s economic troubles seem to preclude ambitious human space missions, and their 
last successful robotic interplanetary mission was decades ago. China is rapidly becoming 
more experienced in spaceflight, but for now lacks the long interplanetary and human 
spaceflight track record of the U.S. The Chinese don’t seem to be in a hurry to surpass the 
U.S. in human spaceflight either: they have been taking their time to progress from orbit- 
ing capsules to experimental space stations, and have not announced anything equivalent 
to Kennedy’s “by the end of the decade” deadline for human missions to the Moon. There 
is very little to suggest that China has set itself the goal of landing taikonauts on Mars. 

Apart from through public-private partnerships, very large space missions requiring 
multi-decade developments may also be funded by private entities through a step-by-step, 
pay-as-you-go approach. ‘Angel’ investors, who do not demand a quick financial return, 
or do not even expect any return at all, can put money into private space programs to get 
them started. They may, for instance, fund the development of the basic technologies 
required, after which other investors may finance a small-scale demonstration flight, and 
so on. This is a similar to the way medieval cathedrals were built, over generations and 
according to a schedule aligned with the availability of funding. Ambitious space projects 
could thus become reality in this way. This is more or less how the Breakthrough 
Foundation ultimately plans to achieve interstellar flight with their Starshot initiative. 

The downside of this concept is that things may take a very long time to develop and 
that it relies on a succession of benefactors with deep pockets who may never see the proj- 
ect come to fruition. It would be enormously helpful if such projects could start to make 
money at each major step and thus become self-funding, in the way that many of today’s 
large enterprises, such as the airline industry, have grown. In this respect, the Breakthrough 
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Foundation seems to have a major challenge if it is to continue, as even the simplest inter- 
stellar mission will require vast investments in very specific types of technology and 
equipment that may have limited uses elsewhere. 

Today, human spaceflight as a whole runs the risk of becoming increasingly sidelined 
in an ever-growing number of areas. In the past, ‘man’ was seen as the cardinal instrument 
for space exploration, with robotic probes regarded only as pathfinders for human expedi- 
tions. But while astronauts have been stuck in LEO doing microgravity experiments for 
decades at perpetually high cost levels, satellites and robotic probes have become incred- 
ibly versatile, and have taken on increasingly complex jobs ever deeper into the solar 
system. Robotic spacecraft continuously evolve, enabling them to do more with less and 
showing a rapid growth in value for money. They do repetitious tasks endlessly without 
complaint. In contrast, people are physically much less adaptable, far more fragile and 
moreover cannot be miniaturized or otherwise optimized for spaceflight (while many 
science fiction novels play with the idea of genetic modification, this is not yet an option 
that is either feasible or desirable). 

As Louis Friedman pointed out in his recent book Human Spaceflight: From Mars to 
the Stars, all the current ideas for human interstellar spaceflight are the same as the old 
ideas, involving generation ships, hibernation, or highly speculative forms of propulsion. 
While virtual interstellar exploration via highly advanced, miniaturized, laser-propelled 
space probes may also still be considered science fiction at the moment, it is far easier to 
imagine this idea coming true this century than some type of warp-drive space vessel like 
Star Trek’s ‘Enterprise’. 

Such a future may be unattractive to people who grew up with the excitement of the 
pioneering, crewed missions of the Space Race, and who do not consider virtual presence 
to be real presence. But this is not necessarily the case for younger, let alone future genera- 
tions, growing up in a world full of virtual reality technology, UAVs and social media. 
Arguably, it is also better to enable everyone to become involved in space exploration 
virtually, rather than the more direct participation of only a few privileged astronauts. As 
mentioned before, Friedman asserts that humans should settle Mars, if only to spread 
humanity over multiple planets to safeguard its survival. Although he does not see humans 
venturing any further, his hopes for the future of spaceflight are not gloomy, stating that 
“To assert that human space travel is limited does not mean that either humankind or 
humanity is limited.” 

Abolishing human spaceflight, however, does not automatically mean that more of the 
budgets of the world’s space agencies would become available for unmanned science 
missions, as some advocates for robotic exploration hope and suggest. It is not a ‘zero- 
sum-game’ and it is more likely that the human spaceflight portion would simply be cut 
from government space budgets altogether, with the total amount of money available for 
space exploration and space science thus ending up significantly lower than today. 

Arthur C. Clarke famously observed that “no achievement in human affairs was ever so 
well documented before the fact as space travel.” But while that was certainly true for the 
early space age of the 20th century with its lunar landings and space stations, it is not 
necessarily so for the 21st century. The airlines to orbit, orbital factories, lunar bases and 
human Mars landings that were predicted have still not materialized, and today’s plans for 
them are arguably no firmer than they were 50 years ago. In contrast, the future roles 
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predicted back then for unmanned satellites and space probes have turned out to have been 
vastly underestimated. Maybe it is time to update our expectations and priorities and 
accept that some ideas, or at least the way we wanted to make them a reality, have become 
obsolete, like the old idea of the large rotating space station. 

Current developments in reusable rocket stages and capsules may make the whole idea of 
the spaceplane outdated, for instance, as a comparison of the cost-per-kilogram to orbit pre- 
dictions of SpaceX for their reusable launchers and Reaction Engines for their Skylon space- 
plane would indicate. This is especially true when considering that such spaceplanes are still 
a long way behind when compared to the rocket stages that we have been using since the 
early days of human spaceflight, in terms of both technology and financial investment. 

Nevertheless, early concepts that were eventually rendered obsolete did act as useful 
starting points, as initial ideas requiring further developments and improvements before per- 
haps being ultimately abandoned when needs changed, limitations were overcome or other 
technology progressed. The early space pioneers such as Wernher von Braun and Willey Ley 
were not blind to this, as highlighted for instance by von Braun’s practical decision in 1962 
to base the Apollo Moon landings on Lunar Orbit Rendezvous, rather than the Earth Orbit 
Rendezvous concept he had strongly favored up till then. This decision bypassed the need for 
the large space station that he had always considered to be an integral part of any sustainable 
human interplanetary spaceflight program, but it also meant that NASA was able to land 
astronauts on the Moon before 1970, as mandated by President Kennedy. In 1955, when 
talking about the Disney spaceflight films he helped to develop, Willy Ley commented in 
Galaxy science fiction magazine: “I am quite sure that a decade from now, lecturers will rent 
copies of the film to explain to their audiences how prediction differed from reality. I hope 
they won't forget to mention that prediction is one of the causes of reality." 

In his essay for the previously mentioned 2007 NASA conference on the history of the 
Space Age, historian J.R. McNeill noted that pure reason, money and numbers are not the 
only drivers for space exploration, but that such motivation also includes “moral and 
political positions." This may give some hope for large projects that do not have an obvi- 
ous, immediate and proven economical or even scientific value commensurate with their 
costs. As McNeill wrote: “Sooner or later, someone in power somewhere will consider, 
once again, that the game is worth the candle. Perception of acceptable risk is not merely 
a calculation of probabilities, costs, and benefits; it is also a cultural choice and always 
subject to reconsideration.” 

Finally, a bit of consolation. When discussing the reasons why many ambitious space 
dreams are continuously thwarted, Rick Fleeter pointed out to me that space is not unique 
in this sense: “I teach two non-aerospace courses on innovation and the adoption of inno- 
vation, and one of the myths I have to destroy early on is that good ideas happen. No! 
Well-marketed ideas sometimes happen, and in fact very little new happens even if it’s a 
good idea and well marketed (few are both). Not to mention that it works and at a price 
level coupled with utility and reality. So why should space be any different? Thus I would 
caution you about a somewhat narrow view that space is particularly guilty of not realizing 
wonderful things. That is the human condition and it will play out in whatever human 
endeavor you look at.” 


Bibliography 


Books and reports 


Blandford, R.D. (Chair) 
New Worlds, New Horizons in Astronomy and Astrophysics 
Committee for a Decadal Survey of Astronomy and Astrophysics, National Research 
Council, 2010 


Bondi, Hermann. et al 
Pioneering in Outer Space 
Heinemann Educational Books, 1971 


Clarke, Arthur C. 
The Exploration of Space 
Temple Press, London, 1951 


Department of Energy/NASA 
Satellite Power Systems Concept Development and Evaluation Program. DoE/NASA, 
October 1978 
http://www.nss.org/settlement/ssp/library/1978DOESPS-ReferenceSystemReport.pdf 


Satellite Power Systems (SPS) Space Transportation Cost Analysis and Evaluation. 
DoE/NASA, November 1980 
http://www.nss.org/settlement/ssp/library/1980DOESPS- 
SpaceTransportationCostAnalysis.pdf 


Dick, Steven J. (editor) 
Remembering the Space Age: Proceedings of the 50th Anniversary Conference. NASA 
SP-2008-4703, 2008 
http://history.nasa.gov/Remembering Space Age A.pdf 


© Springer International Publishing AG 2017 235 
M. van Pelt, Dream Missions, Springer Praxis Books, 
DOI 10.1007/978-3-319-53941-6 


236 Bibliography 


Dyson, George 
Project Orion: The True Story of the Atomic Spaceship 
Henry Holt & Company, Inc., USA, 2002 


Ehricke, Krafft A. 
Solar Transportation 
In Space Age in Fiscal Year 2001, Proceedings of the Fourth AAS Goddard Memorial 
Symposium 
American Astronautical Society, 1966 


Friedman, Louis. 
Human Spaceflight, from Mars to the Stars 
The University of Arizona Press, 2015 


Gatland, Kenneth W. & Bono, Philip 
Frontiers of Space 
Blandford Press, UK, 1969 


Hansen, James R. 
Chapter 9, Skipping “The Next Logical Step” in Spaceflight Revolution; NASA Langley 
Research Center from Sputnik to Apollo 
NASA History Series SP-4308, USA, 1994 
http://history.nasa.gov/SP-4308/ch9.htm 


Koelle, Heinz-Hermann. 
Nova and Beyond, a Review of Heavy Lift Launch Vehicle Concepts in the Post-Saturn 
Class 
Technical University Berlin, Germany, 2001 


Konecci, Eugene B. 
Opening Remarks for the Fourth Goddard Memorial Symposium 
In Space Age in Fiscal Year 2001, Proceedings of the Fourth AAS Goddard Memorial 
Symposium 
American Astronautical Society, 1966 


Mankins, John C. 
SPS-ALPHA: The First Practical Solar Power Satellite via Arbitrarily Large Phased 
Array 
Artemis Innovation Management Solutions LLC, September 15, 2012 


McCurdy, Howard E. 
Space and the American Imagination 


JHU Press, 2011 


Bibliography 237 


Michaud, Michael A.G. 
Reaching for the High Frontier; The American Pro-Space Movement 1972-84 
Praeger Publishers, 1986 
http://www.nss.org/resources/library/spacemovement/index.htm 


NASA 
Final Report - Studies of Improved Saturn V Vehicles and Intermediate Payload Vehicles 
(P-115) — Summary 
NASA George C. Marshall Space Flight Center, 1966 


Newkirk, Roland W., Ertel, Ivan D., and Brooks, Courtney G. 
Skylab, a Chronology 
NASA History Series SP-4011, USA, 1977 


Noordung, Hermann 
The Problem of Space Travel 
NASA History Series SP-4026, USA, 1995 (translation and republication of original 
published in Berlin, 1928) 


O’Neill, Gerard K. (study director) 
Space Resources and Space Settlements 
NASA SP-428, 1979 
http://www.nss.org/settlement/nasa/spaceres 


O’Neill, Gerard K. 
The High Frontier; Human Colonies in Space 
Apogee Books, 2001 


Platoff, Annie 
Eyes on the Red Planet: Human Mars Mission Planning, 1952-1970 
NASA/CR-2001-208928, July 2001 


Portree, David S.F. 
Humans to Mars: Fifty Years of Mission Planning, 1950—2000 
Monographs in Aerospace History #21, NASA SP-2001-4521, February 2001 


Schaefer, J.P. (Chairman) 
Solar Power Satellites 
Office of Technology Assessment, August 1981 


Taylor, Randall L. 
Prometheus Project Final Report, 982-R120461 
NASA/JPL, October 1, 2005 
http://trs-new.jpl.nasa.gov/dspace/bitstream/20 14/38 185/1/05-3441.pdf 


238 Bibliography 


von Braun, Wernher. 
The Mars Project 
3rd edition, Illini Books, 1991 


Project Mars: A Technical Tale 
Apogee Books, 2006 


Wall, Mike 
Confirmed: Voyager 1 in Interstellar Space 
Space.com, July 8, 2014 
http://www.space.com/26462-voyager-1-interstellar-space-confirmed.html 


Zak, Anatoly 
Russia in Space; the Past Explained, the Future Explored 
Apogee Prime, 2013 


Zubrin, Robert. 
The Case for Mars: The Plan to Settle the Red Planet and Why We Must 
Touchstone, 1996 


Articles, Papers and Presentations 


Bell, M.W. Jack. 
An Evolutionary Program for Manned Interplanetary Exploration 
Journal of Spacecraft and Rockets, Vol. 4, No. 5, 1967 


Bell, Jeffrey F. 
The Von Braun Master Plan: National Dream or National Nightmare? 
SpaceDaily.com, November 3, 2003 
http://www.spacedaily.com/news/rocketscience-03zzf.html 


Beneder, Liesbeth and Wouters, Richard 
Cosmic Bonanza — Mining in Outer Space 
Green European Journal, Volume 14, November 28, 2016 
http://www.greeneuropeanjournal.eu/cosmic-bonanza-mining-in-outer-space 


Bjørnvig, T. 
Unlimited Play in a World of Limits; the LEGO Classic Space Theme, 1978-80 
Essay for “Envisioning Limits: Outer Space and the end of Utopia”, Berlin, April 2012 


Boardman, John 
No, You're Not Going to the Stars; An Examination of the Realities of Manned 
Interstellar Flight 
Ares Magazine, March 1980 


Bibliography 239 


Borowski, Stanley K., McCurdy, David R., and Packard, Thomas W. 
“7-Launch” NTR Space Transportation System for NASA’s Mars Design Reference 
Architecture (DRA) 5.0 
AIAA-2009-5308, NASA Glenn Research Center, August 2009 


Brandt-Erichsen, David. 
The L5 Society 
Ad Astra, November 1994 
http://www.nss.org/settlement/L5news/L5history.htm 


Cardozo, A. and J. de Kler 
De toepassing van de plasma-jet met kernfusie 
Ruimtevaart magazine, April 1960 
http://www.ruimtevaart-nvr.nl/media/vk 1223/Website/blad ruimtevaart/nvr 1960 
2.pdf 


Cooper, Keith 
Tunneling Cryobot Robot May Explore Icy Moons 
Astrobiology Magazine, June 13, 2015 
http://www.space.com/29644-cryobot-tunneling-robot-explore-icy-moons.html 


Chaikin, Andrew 
The Other Moon Landings 
Air & Space Magazine, March 2004 
http://www.airspacemag.com/space/the-other-moon-landings-6457729 


Meeting of the Minds: Buzz Aldrin Visits Arthur C. Clarke 

Space Illustrated Magazine, February 2001 

http://web.archive.org/web/200 10302082528/http://www.space.com/peopleinter- 
views/aldrin_clarke_010227.html 


David, Leonard 
Space Science Pioneer Van Allen Questions Human Spaceflight 
Space.com, July 26, 2004 
http://www.space.com/189-space-science-pioneer-van-allen-questions-human- 
spaceflight.html 


NASA’s Prometheus: Fire, Smoke and Mirrors 
Space.com, April 6, 2005 
http://www.space.com/929-nasas-prometheus-fire-smoke-mirrors.html 


Voyage to the Stars: NASA Study Mulls Options 
Space.com, July 6, 2005 
http://www.space.com/1275-voyage-stars-nasa-study-mulls-options. htm] 


240 Bibliography 


Davis, H.P. 
Power from Space, a new opportunity 
http://www.nss.org/settlement/ssp/library/1978-PowerFromSpaceA NewOpportunity- 
Davis.pdf 
NASA, November 13, 1978 


Day, Dwayne A. 
Ike's gambit: The KH-8 reconnaissance satellite 
The Space Review, January 12, 2009 
http://www.thespacereview.com/article/1283/1 


Life in space is impossible 
The Space Review, May 19, 2014 
http://www.thespacereview.com/article/25 16/1 


Diamonds are forever 
The Space Review, June 1, 2015 
http://www.thespacereview.com/article/2764/1 


Blue suits in polar orbits: the MOL astronauts 
The Space Review, October 19, 2015 
http://www.thespacereview.com/article/2849/1 


The rapture of the wonks 
The Space Review, May 31, 2016 
http://www.thespacereview.com/article/2995/1 


A year on Mars 
The Space Review, May 31, 2016 
http://www.thespacereview.com/article/2997/1 


deGrasse Tyson, Neil. 
The Case for Space; Why We Should Keep Reaching for the Stars 
Foreign Affairs, March/April 2012 issue 


Dyson, Freeman J. 
Death of a Project 
Science, Volume 1499, July 1965 


Economist, The 
The end of the Space Age; Inner space is useful. Outer space is history 
The Economist, June 2011 
http://www.economist.com/node/18897425 


Elhafnawy, Nader 
Revisiting Island One 
The Space Review, October 8, 2008 
http://www.thespacereview.com/article/1238/1 


Bibliography 241 


Foust, Jeff 
The myth of heavy lift 
The Space Review, May 17, 2004 
http://www.thespacereview.com/article/146/1 


Gilster, Paul 
To Build the Ultimate Telescope 
Centauri Dreams, August 20, 2014 
http://www.centauri-dreams.org/?p=3 1358 


The Cost of Interstellar Flight 
Centauri Dreams, October 22, 2014 
http://www.centauri-dreams.org/?p=3 1774 


Greshko, Michael 
Here's Why There's Still Not a Human on Mars 
National Geographic, November 2015 
http://news.nationalgeographic.com/2015/11/151111-mars-mission-fail-history- 
astronaut-science 


Hersch, Matthew H. 
"On the Edge of Forever": 1972 and the New American Space Consensus 
Essay for *Envisioning Limits: Outer Space and the end of Utopia', Berlin, April 2012 


Hickam, Homer 
About an Element of Human Greatness 
In NASA SP401, Looking Backward, Looking Forward, May 2001 
http://history.nasa.gov/sp4107.pdf 


Hunt, Charles D. and van Pelt, Michel O. 
Comparing NASA and ESA Cost Estimating Methods for Human Missions to Mars 
NASA MSFC and ESA ESTEC, 2004 
http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20040075697.pdf 


Iannotta, Ben 
NASA Goes Nuclear 
Air & Space Magazine, July 2003 
http://www.airspacemag.com/space/nasa-goes-nuclear-477533 1 


Johansen, H. 
Now They’re Planning a City in Space 
Popular Science, May 1956 


Klotz, Irene 
Billionaire Elon Musk outlines plans for humans to colonize Mars 
Reuters Science News, September 28, 2016 
http://www.reuters.com/article/us-space-musk-idUSKCN11X2DV 


242 Bibliography 


Koelle, Heinz-Hermann 
Interview with Heinz-Hermann Koelle 
Resonance Publications, 1999 
http://www.resonancepub.com/interview | .htm 


Lafleur, Claude 
Costs of US piloted programs 
The Space Review, March 8, 2010 
http://www.thespacereview.com/article/1579/1 


Launius, Roger D. 
Why Did the United States Want to Build a Space Station? 
Roger Launius' Blog, December 3, 2010 
https://launiusr.wordpress.com/2010/12/03/why-did-the-united-states-want-to-build- 
a-space-station 


LePage, Andrew 
A chance of a lifetime: the missions to Comet Halley 
The Space Review, March 14, 2011 
http://www.thespacereview.com/article/1798/1 


Logsdon, John M. 
When Did We Stop Dreaming? 
SpaceNews, April 18, 2012 
http://spacenews.com/when-did-we-stop-dreaming 


Mankins, John C. 
Testimony of John Mankins before House Science Committee Hearings on Solar Power 
Satellites 
NASA Advanced Concepts Studies Office of Space Flight, September 7, 2000 
http://www.nss.org/settlement/ssp/library/2000-testimony-JohnMankins.htm 


McCray, W. Patrick 
Gerard O’Neill’s Visioneering of the “High Frontier" 
Essay for ‘Envisioning Limits: Outer Space and the End of Utopia’, Berlin, April 2012 


Messeri, Lisa and Vertesi, Janet 
The Greatest Missions Never Flown: Anticipatory Discourse and the “Projectory” in 
Technological Communities 
Johns Hopkins University Press Technology and Culture, Volume 56, Number 1, 
January 2015 


Miller, Ron 
The Space City That Could Have Been, If Not for Wernher von Braun 
Gizmodo Io9 website, May 2013 
http://109.gizmodo.com/the-space-city-that-could-have-been-if-not-for-wernher- 
453679001 


Bibliography 243 


Mullen, Leslie 
How NASA’s James Webb Space Telescope Could Spot Earth-like Planets 
Astrobiology Magazine, October 2011 
http://www.space.com/13381-jwst-telescope-earth-planets.html 


Munévar, Gonzalo 
Space Colonies and their Critics 
Essay for ‘Envisioning Limits: Outer Space and the End of Utopia’, Berlin, April 2012 


Murphy, Tom 
Space-Based Solar Power 
Do the Math website, March 2012 
http://physics.ucsd.edu/do-the-math/2012/03/space-based-solar-power 


NASA 
Space Launch System at a Glance, NP-2015-09-83-MSFC 
NASA George C. Marshall Space Flight Center, 2015 


Neufeld, Michael J. 
The “Von Braun Paradigm” and NASA’s Long-Term Planning for Human Spaceflight 
In NASA’s First 50 Years; Historical Perspectives, NASA SP-2010-4704, US, 2009 


Nixon, President Richard M. 
President Nixon’s 1972 Announcement on the Space Shuttle 
NASA, January 5, 1972. http://history.nasa.gov/printFriendly/stsnixon.htm 


Overbye, Dennis 
Reaching for the Stars, Across 4.37 Light-Years. 
The New York Times, April 12, 2016 
http://www.nytimes.com/2016/04/13/science/alpha-centauri-breakthrough-starshot- 
yuri-milner-stephen-hawking.html?_r=0 


Pearson, J.F. 
Solar sails in the sunset 
Popular Mechanics, September 1977 


Perret, Bradley 
Chinese Super-Heavy Launcher Designs Exceed Saturn V 
Aviation Week & Space Technology, September 30, 2013 


Portree, David S.F. 
The First Voyager (1967) 
Wired.com, May 27, 2012 
http://www.wired.com/2012/05/the-first-voyager-1967 


244 Bibliography 


JPL/JSC Mars Sample Return Study I (1984) 
Wired.com, June 12, 2012 
http://www.wired.com/2012/12/jpljsc-mars-sample-return-study-i-1984 


Evolution vs. Revolution; the 1970s battle for NASA's Future 

Wired.com, August 8, 2012 
http://www.wired.com/2012/06/evolution-vs-revolution-the-1970s-battle-for-nasas- 
future-1978 


JPL/JSC Mars Sample Return Study IT (1986) 
Wired.com, December 12, 2012 
http://www.wired.com/2012/12/jpljsc-mars-sample-return-study-11-1986 


International Mars Rover Sample Return (1987) 
Wired.com, February 13, 2014 
http://www.wired.com/2014/02/international-mars-rover-sample-return-1987 


Solar Power Satellites, a visual introduction 
Wired.com, April 18, 2014 
http://www.wired.com/2014/04/solar-power-satellites-a-visual-introduction 


McDonnell Douglas Phase B Space Station (1970) 

Spaceflight History blog, March 8, 2015 
http://spaceflighthistory.blogspot.nl/2015/03/outpost-in-leo-mcdonnell-douglas- 
phase.html 


A True Gateway: Robert Gilruth's June 1968 Space Station Presentation 
Spaceflight History blog, March 16, 2016 
http://spaceflighthistory.blogspot.nl/20 16/03/a-true-gateway-robert-gilruths-june.html 


NERVA-Electric Mars Mission (1966) 
Spaceflight History blog, December 18, 2016 
http://spaceflighthistory.blogspot.nl/2016/12/nerva-electric-mars-mission-1966.html 


Reeves, David M., Scher, Michael D., Wilhite, Alan W., and Stanley, Douglas O. 
The Apollo Lunar Orbit Rendezvous Architecture. Decision Revisited 
AIAA Journal of Spacecraft and Rockets 43(4), July 2006 


Riley, Jessica 
Why Bother Thinking About Something We Can't Build Yet? 
Icarus Interstellar website, February 2014 
http://old.icarusinterstellar.org/why-bother-thinking-about-something-we-cant-build- 
yet 


Sanders, H.M. and C.M. Wentzel 
Onconventionele lanceersystemen: schieten met satellieten 
Ruimtevaart magazine, February 2000 
http://www.ruimtevaart-nvr.nl/media/vk  1223/Website/blad ruimtevaart/nvr 2000 1.pdf 


Bibliography 245 


Sasaki, Susumu 
How Japan Plans to Build an Orbital Solar Farm 
Spectrum.ieee.org, April 24, 2014 
http://spectrum.ieee.org/green-tech/solar/how-japan-plans-to-build-an-orbital- 
solar-farm 


Shostak, Seth 
Forget Space Travel: Build This Telescope 
Huffington Post, October 19, 2014 
http://www. huffingtonpost.com/seth-shostak/forget-space-travel-build_b_5691353.html 


Smith, David B.S. 
Off Planet Industry: Extraterrestrial Processing and Manufacturing of Large Space 
Systems 
L5 News, March 1980 
http://www.nss.org/settlement/L5news/1980-industry.htm 


Squyres, Steve 
Vision and Voyages for Planetary Science in the Decade 2013-2022 
Decadal Chair Presentation, November 3, 2010 
https://solarsystem.nasa.gov/docs/Squyres_2013_Decadal_Rollout_at_LPSC.pdf 


Stone, W.C., B. Hogan, V. Siegel, S. Lelievre, C. Flesher 
Progress towards an optically powered cryobot 
Annals of Glaciology 55(65), 2014 
http://www.igsoc.org:8080/annals/55/65/a65A200.pdf 


Strickland, John 
The SLS: too expensive for exploration? 
The Space Review, November 28, 2011 
http://www.thespacereview.com/article/1979/1 


Stross, Charlie 
Space Cadets 
Charlie’s Diary, August 2, 2010 
http://www.antipope.org/charlie/blog-static/2010/08/space-cadets.html 


Skran, Dale S. 
Battle of the Collossi: SLS vs Falcon Heavy 
The Space Review, April 27, 2015 
http://www.thespacereview.com/article/2737/1 


van Pelt, Michel O. 
Space 2071: between hope and despair 
Ruimtevaart magazine, Issue 1, 2013 
http://www.ruimtevaart-nvr.nl/media/vk_1223/Website/blad_ruimtevaart/nvr_2013_1.pdf 


246 Bibliography 


Von Puttkamer, Jesco 
The Next 25 years: Industrialization of Space; Rationale for Planning 
NASA Advanced Programs Office of Space Flight, paper presented at the World Future 
Society Conference ‘Southeast 2001: The Next 25 Years’ 
https://ntrs.nasa. gov/archive/nasa/casi.ntrs.nasa.gov/19780010148.pdf 


Wright, Mike 
The Disney-Von Braun Collaboration and Its Influence on Space Exploration 
Inner Space/Outer Space: Humanities, Technology and the Postmodern World Conference, 
1993 
https://history.msfc.nasa.gov/vonbraun/disney_article.html 


Zak, Anatoly 
Project 5NM 
Russianspaceweb.com, February 13, 2016 
http://www.russianspaceweb.com/msr.html 


Zubrin, Robert and Weaver, David 
Practical methods for near-term piloted Mars missions 
AIAA93-2089, 29th AIAA/ASME Joint Propulsion Conference, June 1993 
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.23.1915&rep=rep 1 &type=pdf 


Websites 


Breakthrough Initiatives 
Starshot 
https://breakthroughinitiatives.org/Initiative/3 


ESA 
ATHENA Mission Summary 
http://sci.esa.int/cosmic-vision/54517-athena 


ESA 
Darwin Overview 
http://www.esa.int/Our_Activities/Space_Science/Darwin_overview 


ESA 
The Interstellar Heliopause Probe 
http://sci.esa.int/trs/36022-the-interstellar-heliopause-probe 


ESA 
XEUS Overview 
http://www.esa.int/Our_Activities/Space_Science/XEUS_overview 


Bibliography 


Graf, Richard K. 
A Brief History of the HARP Project 
http://www.astronautix.com/articles/abroject.htm 


Plaxco, Jim 
Neil deGrasse Tyson and the Delusions of Space Enthusiasts 
http://www.chicagospace.org/tyson_space.html 


Wade, Mark 
Nova 
http://www.astronautix.com/lvfam/nova.htm 


Rombus 
http://www.astronautix.com/lvs/rombus.htm 


Zak, Anatoly 
UR-700 
http://www.russianspaceweb.com/ur700.html 


247 


Index 


A 

Aerojet, 38 

Aerospace transporter, 55, 69 

Aerospatiale, 78 

Aerospike, 62 

Agnew, S., 180 

Air Collection Engine (ACE), 78 

Air Force, U.S, 16, 17, 48, 51, 52, 54, 56, 57, 72, 
75, 94, 121, 210, 211 

AKATSUKI, 171 

Aldrin, B., 13, 174 

Alpha Centauri, 204, 212, 213, 218, 222 

Altair, 191 

Alvin, 159 

American Astronautical Society, 2, 180, 223 

Ames Research Center, 218 

Anderson, P., 216 

Angara-100, 30 

Antipodal Bomber, 68, 69 

Antonov An-225, 77 

Apollo, 4, 11, 12, 27, 34, 38-41, 43, 51, 52, 56, 
94, 95, 120, 140, 143, 145, 147, 149, 155, 
173, 176, 178, 180, 184, 185, 188, 192, 
202, 211, 223, 224, 228-231, 234 

Apollo Applications Program (AAP), 145, 149 

Apt, M., 49 

Ares I, 191 

Ares V, 31, 191, 192 

Ariane 5, 13, 25-28, 32, 33, 78, 83, 84, 124, 127 

Ariane 6, 26 

Ariane Super Lourd, 32 

Arianespace, 13 

Armstrong, N., 53, 174 

ARTEMIS, 162 

2001, A Space Odyssey, 2, 10, 14, 87, 100, 101 


© Springer International Publishing AG 2017 
M. van Pelt, Dream Missions, Springer Praxis Books, 
DOI 10.1007/978-3-319-53941-6 


Asimoy, I., 116, 133 
Astroliner, 85 
Astroplane, 54, 77 
Astrorocket, 54 
ATHENA, 127, 227 
Aviation Week, 79 


B 
Baker, D., 186 
Barnard’s Star, 213, 214 
Bell, J., 226 
Bernal Sphere, 105 
Bernal, J.D., 105 
BI rocket interceptor, 47 
Bigelow Aerospace, 100, 116, 231 
Biosphere 2, 115, 216 
Blackstar, 79 
Blue Horizons, 116 
Boeing, 39, 50, 53, 71, 85, 136-138 
Bond, A., 79, 213 
Bonestell, C., 52, 173 
Bono, P., 37 
Breakthrough Initiatives 
Starshot, 218 
Bredt, I., 65-69 
British Aerospace (Bae), 75-77 
British Interplanetary Society, 212, 213 
Brown, E., 47 
Bull, G., 17, 18 
Buran, 23, 24, 77 
Bush, G.W. Jr., 9, 191 
Bush, G.W, 9, 30, 184 
Bussard, Ramjet, 216, 217 
Bussard, Robert, 216 


248 


Index 249 


C Elvis, M., 117 
Cash, W, 131 Elysium, 108, 116 
Central Intelligence Agency (CIA), 121, 144 Energia, 23, 24, 30, 184 
Challenger (Space Shuttle), 42, 113, 142, 184 Envisat, 12, 26 
Chelomei, V., 40, 41 EUROPA, 158-163 
China Academy of Launch Vehicle Technologies Europa Clipper, 159 
(CALT), 31, 32 European Space Agency (ESA), 8, 13, 26, 27, 33, 
Clarke, A.C., 2, 100, 103, 233 77, 82, 124—129, 156, 157, 159, 171, 188, 
CNES, 32, 33 197, 207, 208, 227, 232 
Cold War, 7, 9, 11, 24, 92, 103, 143, 173, 184, European Space Transporter, 55 
185, 196, 229, 230 ExoMars, 156, 157 
Collier's, 1, 4, 52, 89—91, 176 Extraterrestrial Imperative, 2, 6, 118 


Columbia (Space Shuttle), 113, 127, 166 
Columbus, 7, 12 


Committee on Planetary and Lunar Exploration F 

(COMPLEX), 149 F-1, 21, 22, 33-35, 40, 42 
Committee on Space Research (COSPAR), 151 Falcon 9, 26, 27, 30, 43, 63, 64 
Concorde, 55, 73,78 Falcon Heavy, 27-30, 43, 84 
Constellation, 9, 13, 14, 130, 132, 191 Fastrac, 61 
Convair, 3, 35-37 Ferry Rocket, 52, 91, 102 
Copper Canyon, 72 Fleeter, R., 234 
Coriolis forces, 95 Frau im Mond, 19, 20, 173 
Cronkite, W., 4 Friede, 19, 20 
Crossfield, S., 49 Friedman, L., 7, 8, 14, 167, 168, 192, 217, 
Cryobot, 161, 162, 225 229, 233 


Curiosity (Mars rover), 149, 155, 175, 195, 196 Future European Space Transportation 
Investigation Program (FESTIP), 85 


D 

D-558-2 Skyrocket, 49 G 

Daedalus, 212—216, 218, 222 Gagarin, Y., 33, 40 

Dana, B., 53 Galileo, 158, 159 

DARPA, 14 Gemini, B., 51, 52, 121, 122 
Darwin, 128-130, 132 General Dynamics, 3, 56 
Dassault Aviation, 78 Geosynchronous Transfer Orbit (GTO), 26, 28 
90-Day Study, 185 Giotto, 168, 171 

DC-X Delta Clipper, 63 Glaser, P., 104, 133 

Decadal Survey, 129, 157 Glushko, V., 40, 41 

Deep Space Industries, 117-119 Goddard, R., 9, 14 

deGrasse Tyson, Neil, 10, 230 Goldin, D., 128 

Department of Energy, 104, 133, 136, 165 Goodyear Aircraft, 100 
Design Reference Mission (DRM), 189, 190 Gorbachev, M., 184 


Destination Moon, 173 
Disney, 52, 90, 176, 234 


Dornberger, W., 68 H 

Douglas Aircraft, 35, 37 Halley (Comet), 168-171 

Dragon, 38, 42, 200 Hawking, S., 218 

Dryden Flight Research Center, 61 He 176, 47 

Dyson, F., 210-214 Heavy-Lift Launch Vehicle, 23, 30, 33 


Hedgepath, J., 170 
Heinlein, R.A., 173 


E Heliogyro, 170, 171 
Ehricke, K., 2, 3, 6, 8, 19, 36, 37, 118, 210, 223, Helios 2, 8 
227, 231 Hermes, 12, 13, 78 


Einstein, A., 214 Hickam, H., 195 


250 Index 


High Altitude Research Program 
(HARP), 17, 18 

Horizontal take-off and landing (HTHL), 70, 72, 
75, 78 

HORUS, 68, 70 

HOTOL, 71, 75-77, 79-83 

Hubble Space Telescope, 7, 123, 125, 129, 137 

Hypersonic Systems Technology Program 
(HySTP), 75 

Hypertelescope, 130, 132 


I 
Icarus Interstellar, 215, 217 
IKAROS, 171 
In-situ resource utilization (ISRU), 116, 186 
Inspiration Mars, 197, 198 
Interim HOTOL, 77 
International Astronautical Congress (IAC), 43, 
200-202 
International Astronautical Federation, 87 
International Space Station (ISS), 9, 10, 24, 
42, 86, 106, 124, 134, 137, 166, 
186, 225, 228 
International X-ray Observatory (IXO), 127, 227 
Interplanetary Society, 171 
Interstellar, 213—215 
Interstellar Heliopause Probe, 207 
Interstellar Probe, 205-209, 212 
Island One, 105, 106, 113, 114 
Island Three, 108—110, 113 
Island Two, 106—108, 110 


J 

Jade Rabbit, 196 

James Webb Space Telescope, 7, 129, 132, 133, 
156, 225, 228 

Japanese Single-Stage-To-Orbit (JSSTO), 77 

JAXA, 78, 127, 141 

Jet Propulsion Laboratory (JPL), 163, 168—170 

JUICE, 159, 163 

Junkers, 68—70 

Juno, 159, 162, 163 

Jupiter Icy Moons Orbiter (JIMO), 163-166 


K 

Kalpana One, 113 

Keldysh Bomber, 68, 80 

Kennedy Space Center, 21, 25, 36, 43, 137, 202 
Kennedy, J.F., 11, 33, 95, 192, 234 

Kepler, 132, 167 


KH-10 DORIAN, 122 
KH-11 KENNAN, 123 
KH-8 GAMBIT, 122 
Khrunichev, 30, 64 
Kincheloe, I., 49 
Knight, P., 53 

Koelle, H.H, 87, 90, 100, 229 
Komet, 47 

Korolev, S., 40 
Kosmos 954, 164 
Kubrick, S., 100 


L 

L5 Society, 112-114, 116, 137 

Labeyrie, A., 130, 132 

Lang, F., 19 

Launius, R., 100 

Lee, J., 217 

Lego, 1 

Lewis One, 113 

Ley, W., 20, 90, 91, 180, 234 

Lifting-body, 55, 62, 66, 77 

LightSail, 171 

Limits to growth, 103 

Liquefied Air Cycle Engine (LACE), 74, 77 

Lockheed, 56, 62, 192, 194 

Long March 9, 31, 32, 42, 157 

Low Earth orbit (LEO), 1, 10, 23, 25, 27, 56, 77, 
98, 136, 171, 184, 210 

Luna, 143, 149, 155 

Lunokhod, 143 


M 

MacNeal, R., 170 

Manned Orbiting Laboratory (MOL), 94, 121, 122 
Man-Tended Free Flyer, 12 

Mariner IV, 174, 178 

Mars Direct, 186-190, 201 

Mars One, 199, 201, 203 

Mars Rover Sample Return (MRSR), 152-155 
Mars sample return (MSR), 149-157 

Mars Science Laboratory (MSL), 149, 156, 157 
Mars Semi-Direct, 188, 189 

Marshall Space Flight Center (MSFC), 97, 180 
Martin Marietta, 35, 36, 56, 186, 188 

Martlet, 17, 18 

MAX-C, 156, 157 

McDonnell-Douglas, 56, 96, 99 

McDougall, W., 226 

Me 163, 47, 48 

Messeri, L., 227, 228 


Messerschmitt-Bólkow-Blohm (MBB), 70 
METEOR, 102 

MG-19, 77 

Miller, R., 102 

Milner, Y., 218, 219 

Mir, 27, 86, 87, 98 

Mirage-III, 48 

Mistral, 55 

Mitsubishi Heavy Industries, 78 
Moon Race, 24, 69, 86, 143, 144 
Musk, E., 43, 200-203, 231, 232 
MUSTARD, 55 

Myasishchev, 77 


N 

N1, 12, 22, 23, 27, 29, 37, 39-41, 43, 144, 155 

NASA, 2, 4—8, 11, 13, 21, 22, 24, 27-31, 34-36, 
38, 39, 51, 54-63, 72-75, 86, 93-95, 97, 
100, 103-116, 121, 127—129, 131, 
133-150, 152-169, 171, 173, 175, 176, 
178—193, 195, 197, 203, 205-212, 217, 
226, 227, 229, 231, 232, 234 

National Aero-Space Plane (NASP), 9, 71 

National Research Council, 157, 207 

National Space Institute, 116 

National Space Society, 116 

NERVA, 183, 184, 189, 211 

New Horizons, 8, 167, 168, 223 

New Worlds Observer (NWO), 130, 133 

NewSpace, 9, 13, 116, 197, 231 

Nexus, 36, 37, 42 

NII-1 NKAP, 68 

Niven, L., 196 

Nixon, R.M, 5, 6, 184 

NK-15, 22 

Noordung, H., 87, 90, 95 

Nord Aviation, 55 

North American, 50, 51, 56, 226 

Northrop Grumman, 131, 166 

Nova, 33-42, 44, 228 

NVR, 210 


O 

O'Neill, G., 6, 11, 100, 103-105, 108-116, 139, 
186, 215, 227, 230, 231 

Obama, B., 31, 118, 191, 226 

Oberth, H., 9, 14, 20, 173 

Office of Naval Reactors, 165 

Office of Technology, 114, 140 

Orbital Sciences, 61 

Orion, 191, 192, 209-212, 214, 226 

Outer Space Treaty, 92 


Index 251 


P 

Paine, T., 180 

Philae, 196 

Phobos-Grunt, 149 

Pioneer 1, 7 

Pioneer 10, 8, 144 

Pioneer 11, 8 

Planetary protection, 151, 154, 155, 163 
Planetary resources, 118 

Plato, 132, 133 

Plug-nozzle, 36, 37, 39 

Portree, D., 226 

Princeton University, 100, 104, 131 
Project Persephone, 215 
Prometheus, 163-167, 209 
Proxima Centauri, 204, 205, 213 
Public Service Platform, 115 


R 

Radioisotope Thermoelectric Generator (RTG), 
147, 152, 164, 205, 207, 208 

Rail gun, 18 

RAK-1, 45, 50 

RB545, 75, 77, 79 

Reaction Engines, 79, 80, 82, 84, 234 

Reagan, R., 9, 72, 166, 184 

Red Dragon, 200 

Reusable Orbital Module-Booster and Utility 
Shuttle (ROMBUS), 37 

Ride, S., 184 

Romick, D.C., 102, 103 

Rosetta, 168, 196 

RT-8, 68, 69 

Rus-M, 31 


S 

Salyut, 27, 86, 97, 123, 184 

Sample return, 149—157 

Sanger, E., 65-69, 71, 72, 75, 76, 78, 
79, 227 

Sünger-L, 70 

Sanger-II, 70-72, 75, 76, 78, 79, 83 

Saturn V, 4, 12, 21—27, 93, 97, 98, 114, 124, 136, 
145, 147, 148, 157, 180, 184, 189, 210, 
214, 228 

Sea Dragon, 38, 42 

Silbervogel, 65—68, 77 

Silent Running, 103 

Single-stage-to-orbit (SSTO), 36, 54, 72, 75, 
77, 83 

Skylab, 5, 24, 25, 39, 86, 97, 121, 147, 149 

Skylon, 80-82, 84, 234 


252 Index 


SM-64 Navaho, 51 

Solid rocket booster, 28, 32, 33, 35, 60, 63, 
137, 186 

Sound Barrier, 49 

Soviet (Union), 9, 21—23, 27, 39-41, 43, 51, 67, 
68, 75, 77, 86, 92, 99, 121, 123, 152, 171, 
173, 184, 186, 211 

Soyuz, 16, 19, 24, 99, 203, 223, 231 

SP-100, 166 

Space Age in Fiscal Year 2001, 2, 223, 231 

Space colony, 6, 104, 105, 107-109, 112, 114, 
116, 215, 216, 227 

Space Exploration Initiative (SEI), 184, 186 

Space Launch System (SLS), 28-32, 41, 42, 159, 
191, 226, 232 


Space Race, 2, 4, 8, 21, 41, 51, 79, 104, 120, 143, 


144, 173, 184, 229, 231, 233 

Space Shuttle, 1, 4—7, 10, 19, 23-25, 27, 28 

Space Shuttle Main Engine, 28, 60, 61, 71 

Space solar power (SSP), 6, 9, 39, 103, 
104, 114, 118, 133-142, 196, 224, 
225, 227, 231 

Space Station Freedom, 41, 184 

Space Studies Institute, 104, 114 

SpaceShipOne, 83 

SpaceX, 13, 14, 26-28, 42-44, 63, 64, 84, 116, 
200, 202, 203, 225, 231, 234 

Sputnik, 1, 2, 9, 13, 40, 90, 144 

SR.53, 48 

Stalin, J., 67 

Stanford Torus, 106 

Stapp, J., 16 

Star Trek, 8, 14, 54, 222, 233 

StarChip, 218-220, 222 

Starclipper, 56 

STAR-H, 78 

Star-Raker, 72 

Stine, G.H., 136, 137 

Strategic Defense Initiative, 9 

Suborbital Hopper, 85 

Swallow engine, 75 

Synergistic Air Breathing Engine (SABRE), 


79, 81 

T 

Terrestrial Planet Finder, 128-130, 132, 133, 
225, 227 


Texas A&M University, 184 

Thompson, M., 53 

Thousand Astronomical Units (TAU), 208 
Tito, D., 197 


Trauen, 65 

Trident, 48 

Truax, R., 4, 38 

Tsander, F., 167 

Tsiolkovsky, K., 9, 16, 46, 86, 87, 167 
Tu-2000, 77 

Two-Stage-To-Orbit (TSTO), 56 


U 

ULA, 13 

Ulam, Stanislaus, 210 
University of Colorado, 131 
University of Texas, 184 
UR-700, 40, 41 


V 

V2, 2, 47, 68, 176 

Valier, M., 46 

VALKYRIE, 162 

van Allen, J., 7, 144 

Vanderbey, B., 131 

Venture Star, 62, 83 

Verne, J., 16, 17 

Vertesi, J., 227, 228 

Viking, 1, 7, 144, 148, 149, 151, 227 

Virgin Galactic, 231 

Vision for Space Exploration, 30, 31 

von Braun paradigm, 4, 8-10 

von Braun, W., 1, 2, 4, 9, 19, 20, 51, 56, 65, 89, 
91, 176, 180, 234 

von Opel, F., 45 

Voyager 1, 7, 8, 204, 205, 207 

Voyager 2, 8 

Voyager Mars, 144—149, 163, 227 

VTHL, 56, 62 

Vulcain-2, 32 


W 

Warsitz, E., 47 
Waverider, 73 
Weaver, D., 188 
Wells, H.G., 151 
Worden, P., 218 


X 

X-1, 49, 50 

X-2, 49, 65 

X-15, 45, 50, 51, 53, 61, 68, 82, 83 


X-20, 52-54 

X-33, 62, 83 

X-34, 61 

X-43A, 79 

X-51, 79 

XEUS, 98, 124-128, 227 
XF-91 Thunderceptor, 48 
XP4, 217 


Index 


Y 
YAL-1, 220, 222 
Yeager, C., 49 


Z 
Zubrin, R., 186, 188, 196, 225—227 
Zuckerberg, M., 218 


253 


